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REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

FOREWORD

This document consists of comparative and technical studies presented at the May 2001
CCSDS Subpanel 1E meeting concerning bandwidth-efficient modulations. These studies
were conducted to evaluate existing and new technologies in an effort to improve RF
communication channel efficiencies.
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CCSDS RF AND MODULATION STUDY

A COMPARISON OF MODULATION SCHEMES

1.0 INTRODUCTION

At its 12* annual meeting the Space Frequency Coordination Group, SFCG-12, held during
November 1992 in Australia, the SFCG requested the CCSDS RF and Modulation Subpanel to
study and compare various modulation schemes (SFCG Action Item 12-32). Further explanation
and clarification of this request was provided by the SFCG’s representative to Subpanel 1E during
the CCSDS RF and Modulation meeting at JPL from 8-12 February 1993. Several attributes such
as bandwidth needed, power efficiency, spurious emissions, and interference susceptibility were the
benchmarks suggested for comparing the several modulation schemes.

As the presently allocated frequency bands become more congested, it is imperative that the most
bandwidth-efficient communication methods be utilized. Additionally, space agencies are under
constant pressure to reduce costs. Budget constraints result in simpler spacecraft carrying less
communications capability as well as reduced staffing at the earth stations used to capture the data.
Therefore, the power-efficiency of each modulation scheme becomes an important discriminator
in the evaluation process.

The following paper explores both those modulation schemes which have been traditionally
employed by space agencies together with newer techniques promising significantly improved
communications channel efficiencies. This paper represents an interim report to the SFCG since
modulation schemes such as QPSK, OQPSK, and MSK have not yet been studied, Supporting
analysis for the information contained in this paper was by Tien M. Nguyen and can be found in
References 1, 2, 3, and 5.

2.0 BANDWIDTH MEASUREMENT
2.1 Traditional Modulation Methods

Traditionally, space agencies have employed subcarriers for both telecommand and telemetry data
transmissions. Subcarriers provided a simple method for separating different types of data as well
as ensuring no overlap between the modulated data’s frequency spectra and the RF carrier. It was
not uncommon for early spacecraft to have two or more subcarriers.

Subcarrier modulation suffers the disadvantages of greater spacecraft complexity, additional losses
in the modulation/demodulation process, and a large occupied bandwidth. An effort was made to
mitigate the latter effect by specifying that Category A missions utilize sinewave subcarriers while
Category B missions should use squarewave subcarriers (CCSDS Recommendation 401 (2.4.5) B-1).
Although requiring more bandwidth, square wave subcarriers were found to be acceptable for deep
space missions because the weaker signals from such spacecraft, together with the separately
allocated frequency bands, ensured that spacecraft transmissions would not interfere with one
another. They offered the advantage of being less susceptible to in-band interference.

In the 1960s and 1970s, when data rates were low and only 2 or 3 channels required, the added
complexity and spectrum utilization required when using subcarriers could be tolerated. Since then,
missions have become more complex, technology has matured, and the radio frequency spectrum
has become more congested. Greater data rates require higher frequency subcarriers which expand
the occupied bandwidth increasing the likelihood of overlapping downlinks from different spacecraft
which could interfere with one another.
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Fortunately, new modulation techniques and improved data formatting can significantly reduce the
amount of bandwidth needed to transmit information. Reference 4 describes a Packet Telemetry
data format recommended by the Consultative Committee for Space Data Systems (CCSDS).
These formats include a Transfer Frame into which Data Packets are placed. Three bits in the
header of each Transfer Frame can be set by the user to indicate the type of data in that frame.
Thus, the CCSDS Packet Telemetry system can provide up to eight separate and independent virtual
channels.

The eight virtual channels are equivalent to eight separate, but simultaneous, data streams from the
spacecraft. But, rather than employing eight subcarriers, these Transfer Frames (channels) are
transmitted consecutively in a single data stream. By combining the CCSDS Packet Telemetry
format with one of the direct modulation schemes discussed in this paper, and applying some
judicious spectrum shaping, it is now possible to transmit messages at a high rate while using a
comparatively small bandwidth. Before describing these alternative modulation systems, a reference
for bandwidth measurement must be established.

2:2 Occupied Bandwidth

Several years ago the International Telecommunications Union (ITU) established criteria for
quantifying the bandwidth used by a telecommunications system. Termed Occupied Bandwidth, RR-
147, of the ITU’s Radio Regulations defined the term as:

Occupied Bandwidth: The width of a frequency band such that, below the lower and
above the upper frequency limits, the mean power emitted are each equal to a specified
percentage /2 of the total mean power of a given emission.

Unless otherwise specified by the CCIR for the appropriate class of emission, the value
of B/2 should be taken as 0.5%.

Under the ITU definition, the Occupied Bandwidth is that span of frequencies which contains 99%
of the emitted power. Where digital communications are concerned, Occupied Bandwidths of
unfiltered signals tend to be very large. Some people believe that Occupied Bandwidth is not a
useful concept for digital communications systems absent some degree of filtering.

The ITU Radio Regulations also contain an alternative definition called Necessary Bandwidth. RR-
146 defines Necessary Bandwidth as:

Necessary Bandwidth: For a given class of emission, the width of the frequency band
which is just sufficient to ensure the transmission of information at the rate and with
the quality required under the specified conditions.

Here, the problem is one of uncertainty. To a large extent "quality" is a subjective concept. Using
Necessary Bandwidth definition is difficult without a specific standard. Moreover, no attention is
paid to power efficiency which would satisfy the requirements of both space and terrestrial
communications systems. Generally, Necessary Bandwidth is not deemed to be a useful measure for
space communications systems.
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23 Required Bandwidth

Given the problems with both the Occupied Bandwidth and the Necessary Bandwidth notions, this
paper proposes a new measure called Required Bandwidth. For the most part, the definition of
Required Bandwidth is the same as that for Occupied Bandwidth. The principal difference is that
a more realistic value for the percentage of power is selected. The proposed definition is:

Required Bandwidth: For a specific type of modulation, the width of the frequency
band such that, below the lower and above the upper frequency limits, the mean power
emitted are each equal to 2.5 percent of the total unfiltered, ideally modulated digital
data spectrum, using the same modulation scheme.

Note that this definition is not referenced to 99% of the power in the transmitted spectrum as is
the one for Occupied Bandwidth. That is because spectrum control is inherent in the concept of
Required Bandwidth. In simple terms, Required Bandwidth is that bandwidth needed to complete
a communication with an acceptable amount of power loss. For example, a 5% decrease in power
corresponds to -0.2 dB. Such a reduction should be acceptable to most space missions. Yet, the
bandwidth required to send identical messages over two channels, one using the Occupied Bandwidth
definition and the other employing the new Required Bandwidth definition, will be several times less in
the latter channel when compared to the former. As will be demonstrated in the remainder of this
paper, accepting a small loss in the system’s performance, dramatically reduces the amount of
bandwidth needed to complete the communication.

It is assumed that some spectrum shaping will be employed at an appropriate location in the
information transmission system so that only the Required Bandwidth is transmitted from the
spacecraft. Figure 2-1 is a simplified block diagram of a spacecraft Radio Frequency Subsystem
(RFS). Note that spectrum shaping can be located in the ranging channel, at the input to the
modulator, and at the output of the power amplifier. Spectrum shaping is found on most current
spacecraft. All of the spectrum shaping devices shown in Figure 2-1 may not be required. The
actual number and their locations will depend upon the specific RFS design and the linearity of the
multiplier and the power amplifier. Obviously, it is desirable to avoid spectrum shaping at the
output of the power amplifier because of the RF power loss and increased weight. If the spectrum
shaping is done at an earlier point, then the losses resulting from spectrum shaping at the
transmitter’s output can be largely avoided.

Coherent turnaround and one-way ranging signals present unique problems in Required Bandwidth
systems. To achieve the desired measurement accuracy, ranging tones sometimes have frequency
components, and hence Required Bandwidths, which are larger than those needed for telemetry and
telecommand operations. Since many space missions need all of these services, the RFS depicted
in Figure 2-1 must accommodate the separate spectral requirements imposed by the different
services. Clearly, the mechanization of the flight radio system may depend upon a mission’s specific
requirements.

Fortunately, the system depicted in Figure 2-1 should permit the flexibility to meet the needs of all
services. Moreover, even if the Necessary Bandwidth increases during ranging operations, these
sessions are usually concluded quickly so that the increased bandwidth requirement is of short
duration.
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3.0 COMPARISON OF MODULATION SCHEMES
Modulation schemes listed in Table 1 were investigated in Reference 1 and are compared in this
paper. Because this is an interim report, QPSK, OQPSK, and MSK (including GMSK), have not

been studied yet and will be included in the final report. Modulation methods listed below are
shown in the order of increasing bandwidth efficiency (diminishing Required Bandwidth).

TABLE 3-1: INVESTIGATED MODULATION SCHEMES

Modulation Description
Type
PCM/PSK/PM | NRZ data is PSK modulated on a squarewave subcarrier which is then
squarewave phase modulated on a residual RF carrier.

PCM/PSK/PM | NRZ data is PSK modulated on a sinewave subcarrier which is then
sinewave phase modulated on a residual RF carrier.

PCM/PM/Bi-¢ | Data is Bi-Phase (Manchester) modulated directly on a residual RF
carrier.

PCM/PM/NRZ | NRZ data is phase modulated directly on a residual RF carrier.

BPSK/Bi-¢ Data is Bi-Phase (Manchester) modulated on an RF carrier fully
suppressing it.

BPSK/NRZ NRZ data is phase modulated directly on an RF carrier fully suppressing
it.

To compare the Required Bandwidths for the several modulation schemes, power transfer
efficiencies of 90% and 95% are used. As noted above, these correspond to power losses of 0.45
dB and 0.2 dB respectively. For each modulation type the bandwidth needed to convey 90% and
95% of the modulated signal will be computed. Bandwidths will be normalized to the data Symbol
Rate, R, so that the various types can be compared. Additionally, an RF carrier modulation index
of 1.2 radians, a value typical for primary telemetry channels having reasonable data rates, was used
for evaluating all modulation schemes.

Figure 3-1 shows the frequency spectrum of each of the several modulation schemes shown in Table
3-1. One need look no further than this figure to see that there is a very large disparity in the
bandwidths used by the several schemes.

31 Subcarrier Modulation Schemes
Subcarriers were routinely used for telemetry channels. Not only did they facilitate separation of
different data types, but also they served to separate the data’s transmitted spectrum from the RF

carrier. Spectral separation was particularly important in the early days of the space program when
data rates were low and the data sidebands were frequently indistinguishable from the carrier.
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In this analysis, both sinewave and squarewave subcarriers will be examined to determine their
effect upon the Required Bandwidth.

3.1.1 Squarewave Subcarriers

CCSDS Recommendation 401 (2.4.5) B-1 states that Category B missions should employ
squarewave subcarriers. Although requiring a larger bandwidth than sinewave subcarrier
modulation schemes, use of squarewave subcarriers does provide slightly better performance
at high modulation indices than do sinewave subcarrier systems. This is so because, if the
receiver’s bandwidth is sufficient, high order harmonics are recoverable whereas the high
order Bessel functions, present with sinewave subcarriers at high modulation indices, are
not. Figure 3-1 (a) shows the frequency spectrum of a system employing a single
squarewave subcarrier. Limited space restricted the ability to show the full spectrum. Odd
harmonics of the subcarrier’s frequency, each with data sidebands, will be present with
diminishing amplitude as the order increases.

Figure 3-2 shows the spectrum bandwidth needed for data systems employing squarewave
subcarriers. All plots in this paper normalize the spectrum bandwidth to the data Symbol
Rate!, R (e.g, BW/R;). Bandwidth is also dependent upon the ratio between the
subcarrier’s frequency and the symbol rate, as well as the RF carrier’s modulation index.
The reason for the former should be obvious while the latter is because, at lower modulation
indices, a greater percentage of the transmitted power will be found in the carrier’s
comparatively narrow frequency band.

Three values for Subcarrier Frequency/Symbol Rate (n) corresponding to 3, 9, and 15 were
evaluated. While these represent the minimum and maximum ratios generally used, some
missions have been known to fly ratios as high as 1,000. A brief glance at Figure 3-2 will
clearly show the effect of these high ratios on the Required Bandwidth.

For comparative purposes, the same reference points are used for evaluating both
squarewave and sinewave subcarrier modulation methods (e.g., modulation index (m) = 1.2
radians and subcarrier frequency-to-symbol rate ratio (n) = 9). From Figure 3-2, it is clear
that the Required Bandwidth is quite large for either 90% or 95% power efficiencies.
Approximately 30 R and 75 R; are required for the respective efficiencies. A summary of
the results will be found in columns 2 and 3 of Table 3-2 at the end of this section.

As will be shown in 3.1.2, squarewave subcarriers consume substantially more bandwidth
than do sinewave subcarriers. Although the modulation/demodulation losses are likely to
be greater than for direct modulation schemes, most of the transmitted power is recoverable
when using squarewave subcarriers, provided that the earth station receiver’s bandwidth is
sufficiently wide.

Squarewave subcarriers may still find application in some Category B missions where
the data’s symbol rate is low and significant data sideband power will fall into the
RF carrier phase locked loop’s bandwidth if a direct modulation scheme is used.

! Symbol Rate is equal to the data rate for uncoded transmissions and the encoded bit rate for coded transmissions.

7
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3.1.2 Sinewave Subcarriers

CCSDS Recommendation 401 (2.4.5) B-1 states that Category A missions should employ
sinewave subcarriers. Congestion in the 2 GHz band, combined with the comparatively
strong signals from Category A spacecraft, constrain each user to the minimum amount of
spectrum necessary for his communication. Sinewave subcarriers require less spectrum
bandwidth than do squarewave subcarriers. Although sinewave subcarriers have greater
losses, and therefore are less efficient than squarewave subcarriers at high RF modulation
indices, the stronger signals from Category A missions largely offset this disadvantage.

Figure 3-1 (b) depicts the frequency spectrum of a system utilizing a single sinewave
subcarrier. Unlike the squarewave subcarrier’s frequency spectrum, a sinewave subcarrier
will have energy at the even harmonics in the form of a Delta function. The Delta
function’s amplitude will depend upon the RF carrier’s modulation index. It is this energy
that is lost during the demodulation process and which accounts for the lower efficiency of
sinewave subcarrier systems.

Figure 3-3 shows the spectrum bandwidth for data systems using sinewave subcarriers. As
with the squarewave subcarrier plot, the figure normalizes bandwidth to the data Symbol
Rate, R; (e.g., BW/R;) and utilizes a subcarrier frequency-to-symbol rate ratio of 9. Some
missions have flown ratios as high as 1,000. A brief glance at Figure 3-3 will clearly show
the effect of these high ratios on the Required Bandwidth.

For a mid-range value of n = 9 and a typical modulation index of 1.2 radians, the Required
Bandwidth is about 10 times the Symbol Rate, Ry, for both the 90% and 95% Power
Containments®. Note that a bandwidth approximately 30 times the Symbol Rate is required
if the ITU’s Occupied Bandwidth computation is used. Results of these computations will
be found in columns 2 and 3 of Table 3-2.

Although using less bandwidth than squarewave subcarriers, the use of sinewave subcarriers
does introduce greater losses than other modulation methods because of the high order
Bessel functions which become prominent at high modulation indices. Nevertheless,
sinewave subcarriers may still find application in some Category A mission designs where
the data’s symbol rate is low and significant data sideband power will fall into the RF carrier
phase locked loop’s bandwidth.

* Power Containment is that percentage of the total modulated data’s power contained in the indicated Required Bandwidth for each specific
modulation index and subcarrier frequency-to-symbol rate ratio.

9
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3.2 Direct Modulation Schemes

As indicated in Table 3-1, several direct modulation schemes were considered. Historically, space
agencies used residual carrier systems®>. This provided a stable reference frequency at the earth
station which was used to demodulate the data from the carrier. Alternative, suppressed carrier
systems, will be considered following a discussion of traditional residual carrier systems. None of
the modulation schemes considered in this section employ subcarriers.

Direct modulation schemes are inherently more bandwidth efficient than those employing
subcarriers. This is due, in part, to the way that the ITU defined Occupied Bandwidth to be that
span of frequencies, covered by the modulated signal, which excludes only the lower 0.5% and the
upper 0.5% of the transmitted power. Thus, large frequency gaps between the RF carrier and the
subcarrier are included in the Occupied Bandwidth calculation despite the fact that there is no
significant modulation sideband energy in large portions of these frequency gaps.

3.2.1 Direct Modulation, Residual Carrier, Bi-¢

From a spectrum bandwidth perspective, direct modulation with a Bi-¢ format is a
compromise between direct modulation with an NRZ format and a conventional subcarrier
telemetry system. It places the modulated data sidebands closer to the RF carrier while
providing a null in the data’s frequency spectrum at the RF carrier’s frequency. Figure 3-1
(c) shows the PCM/PM/ Bi-¢ spectrum which ensures that the carrier will be easily
distinguishable from the surrounding data sidebands. The bandwidth advantage of direct
modulation schemes is readily apparent in this figure.

Sometimes called Manchester modulation, a Bi-¢ format is formed by the modulo-2 addition
of each data symbol with a squarewave clock whose period is equal to that of a data symbol.
In addition to moving the data’s spectrum away from the RF carrier’s frequency, Bi-¢
modulation also ensures RF carrier phase transitions during each data symbol.

With random data, this modulation scheme produces a spectrum with a clearly discernable
RF carrier component and a [(sin * x)/(x) ] distribution with peaks at about + 0.75 R (R;
= symbol frequency, f;) due to the modulation. A null in the data’s spectrum will lie at the
RF carrier’s frequency, f.. Additional nulls, on either side of f. will lie at + 2 f;, + 4 f;, +
6 f;, etc. Figure 3-4 shows the spectrum bandwidth at various levels of power containment.
For a modulation index, m, of 1.2 radians, Required Bandwidths of 2.5 Ry and 5 Ry are
needed for 90% and 95% power containment respectively. A summary of the findings will
be found in Table 3-2, columns 2 and 3.

Direct Bi-¢ modulation is useful when bandwidth conservation is important and the
modulated symbol rate is sufficient to ensure that the level of data sideband power, falling
in the phase locked loop’s bandwidth, is sufficiently low. This modulation scheme should
find broad application in future missions having low or moderate data rates or where a
stable carrier reference frequency is required.

* Residual Carrier System is one in which the modulation index is less than + 90 degrees so that a small percentage of the total
transmitted power remains at the RF carrier frequency.
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322 Direct Modulation, Residual Carrier, NRZ

Direct NRZ differs from Direct Bi-¢ modulation in that the double frequency clock
component is absent in the former modulation type. Here, the modulated telemetry data’s
frequency spectrum is discernably narrower than the one for Bi-¢ modulation. The RF
frequency spectrum for this modulation type will be found in Figure 3-2 (d). For random
telemetry data, the power spectrum is described by [(sin x/x)?]). The peak of the spectrum
occurs at the RF carrier’s frequency, fc , and the nulls are at f. + 1f5, + 2 f;, + 3 f;, etc.

Clearly, the advantage of direct NRZ modulation is the substantially reduced bandwidth
needed for communications as compared to the modulation types discussed above. Figure
3-5 shows the spectrum bandwidth for several levels of power containment. This is the most
bandwidth efficient modulation method considered so far. Table 3-2, columns 2 and 3 list
the Required Bandwidths for 90% and 95% power containments respectively.

PCM/PM/NRZ modulation suffers the disadvantage of placing the peak of the data’s
frequency spectrum at the RF residual carrier’s frequency. Unless the data symbol rate is
comparatively high, so as to spread the data sideband’s power over a relatively broad
frequency range, the RF carrier may be difficult to detect. Additionally, the presence of
data power within the earth station’s phase locked loop’s bandwidth can introduce RF
carrier interference with the result that the loop’s phase jitter is increased.

PCM/PM/NRZ also suffers a second disadvantage. Data streams containing significant
imbalances in 1s and Os (imbalance in Mark-to-Space ratio) can adversely affect the
performance of a PCM/PM/NRZ system (Reference 5). Figure 3-6 shows the effect upon
Signal-to-Noise Ratio (SNR) in the residual carrier’s Phase-Locked-Loop resulting from an
imbalanced data stream. Here, a p = 0.5 means that a 1 (Mark) or a 0 (Space) are equally
likely. System performance was evaluated at an RF modulation index of 1.25 radians and
a Phase-Locked-Loop Bandwidth/Telemetry Symbol Frequency Span ratio of 0.001. A
Phase-Locked-Loop SNR of 23 db for balanced data (e.g, p = 0.5), will be degraded by
more than 15 dB when the probability of a Mark (or a Space) is reduced from 0.5 to 0.4.

At high modulation indices, little power is left in the residual carrier. Imbalances in the
Mark-to-Space ratio of the modulated NRZ data produce a component at the RF carrier’s
frequency which has a randomly varying phase with respect to that RF carrier. This "dc-
component" results in interference to the residual RF carrier which has the effect of lowering
the SNR in the carrier tracking loop, particularly as the imbalance increases and the "dc-
component” becomes significant with respect to the carrier component’s amplitude. As the
carrier Phase-Locked-Loop’s phase jitter increases, data demodulation efficiency drops.
This "Radio Loss" or "Phase Jitter" loss must be assessed to accurately predict the
telecommunications channel’s performance. Demodulation efficiency resulted in the CCSDS
Recommending a minimum carrier tracking loop SNR of 15 dB at high modulation indices.

The resulting degradation to the telemetry data channel’s performance for large Mark-to-
Space ratio imbalances in a PCM/PM/NRZ system is clearly evident in Figure 3-7. This
figure shows the effect upon Symbol Error Rate (SER) and Symbol Signal-to-Noise Ratio
(SNR) as the Probability of a Mark is reduced. Modulation indices and bandwidth ratios
are identical to those used for the analysis of the carrier tracking loop above.
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With a probability of Mark-to-Space = 0.45 the telemetry data system experiences a loss of
about 0.3 dB when compared to a perfect data stream. But, a Mark-to-Space = 0.4
produces a several dB loss. Additionally, the Symbol Error Rate becomes substantially
invariant with Symbol SNR.

Figure 3-8 shows that a PCM/PM/NRZ system’s performance is particularly sensitive to
modulation index. Specifically, Mark-to-Space ratio imbalances result in significantly greater
system losses at high modulation indices than at low ones. This result follows from the fact
that, at low modulation indices, significantly more power is retained in the residual RF
carrier so that the SNR degradation, resulting from the "dc-component” produced by
imbalanced data, is lower. Therefore, if the Mark-to-Space ratio falls to 0.4, then
modulation indices should be kept at or below 1 radian.

This sensitivity of PCM/PM/NRZ modulation to data imbalances means that it should be
used with extreme care to ensure that the system is operating in a region where the losses
due to telemetry data imbalances are acceptable. Convolutional coding will help to restore
a balance between 1s and 0s, but if such coding is inadequate, due to the nature of the raw
telemetry data, then a data randomizer, such as the one recommended by the CCSDS, or
some other means to reduce the effects of data imbalances should be employed (Reference
6).

Direct NRZ modulation should find application to residual carrier systems where minimum
bandwidth utilization is important, when the data rates are moderate to high, and when
there is a good balance between 1s and Os in the modulated telemetry data stream. When
using this modulation type, care must be exercised to ensure that the carrier is sufficiently
distinguishable for RF carrier acquisition at the earth station’s receiver. Some earth stations
may prefer that the telemetry modulation be turned off during the acquisition process.
Other earth stations, using a spectrum analyzer in their receiver acquisition system, may
experience no difficulty in acquiring the RF carrier with telemetry modulation turned on.

One of NASA’s International Solar Terrestrial Physics (ISTP) program'’s spacecraft named
Polar uses this modulation scheme. Polar is an earth orbiter, has a residual carrier, and a
data rate of 500 kb/s. A rate Y%, constraint length 7 convolutional code concatenated with
a Reed-Solomon code increases the symbol rate to slightly above 1 Ms/s. This spacecraft
will be launched in mid 1994.
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323 Suppressed Carrier, Bi-Phase Shift Keyed (BPSK/Bi-¢)

BPSK/Bi-¢ modulation fully suppresses the RF carrier by modulo-2 adding the telemetry
data to a squarewave clock at twice the telemetry symbol’s frequency and modulating the
RF carrier with and index of + 90 degrees. In this regard, the system is similar to the one
described in section 3.2.1 above. Like that modulation scheme, the data’s spectrum will
follow a [(sin® x)/(x)?] distribution with peaks at + 2 f;, + 4 f;, + 6 f;, etc. and a null at the
carrier’s frequency. However, unlike direct residual carrier Bi-¢ modulation, there will be
no residual RF carrier component. The BPSK/Bi-¢ spectrum is shown in Figure 3-2 (e).

A carrier component is reestablished within the earth station receiver’s Costas or Squaring
Loop. The result is that all of the transmitted power is placed in the data’s sidebands.
Since the RF carrier is reconstructed from the data sidebands, virtually all of the transmitted
power is available for this purpose as well.

Costas Loops regenerate the RF carrier by combining signals detected in a reference and
a quadrature channel. Noise, as well as signal is present in both channels and both are
combined. As a consequence, it is important to have a sufficient Signal-to-Noise Ratio
(SNR) in the loop. A minimum SNR of 12 - 15 dB is recommended for such loops.

Figure 3-9 shows the spectrum bandwidth as a function of power containment. Note that
the Required Bandwidth is slightly greater for this modulation type than for the residual
carrier PCM/PM/Bi-¢ owing to the lack of RF carrier. This slightly larger Required
Bandwidth appears in Table 3-2.

BPSK/Bi-¢ modulation will find application in high data rate systems where conservation
of bandwidth is important and where maximum system performance is required. Some
comparatively low rate missions (Galileo-S-Band, Pluto Flyby, and MESUR) are considering
the use of BPSK modulation.

3.24 Direct Modulation, Suppressed Carrier, NRZ (BPSK/NRZ)

Like direct residual carrier modulation, BPSK/NRZ differs from BPSK/Bi-¢ in that the
double frequency clock component is absent in the former modulation type. In all other
respects, BPSK/NRZ is the same as BPSK/Bi-¢ discussed above. The modulated signal’s
frequency spectrum is shown in Figure 3-2 (f). It reflects the bandwidth conserving nature
of NRZ modulation. Figure 3-9 demonstrates the bandwidth efficiency of BPSK/NRZ
modulation as compared with BPSK/Bi-¢ modulation.

Given the sensitivity of a PCM/PM/NRZ system’s performance to imbalances between 1s
and Os in the data stream, a question arises as to whether BPSK/NRZ systems have the
same problem. Studies are underway to analyze and simulate the performance of these
systems in the presence of imbalanced data.

BPSK/NRZ modulation will find application in moderate to high data rate telemetry data
systems where bandwidth conservation is of importance, where there is a possibility that the

modulated data symbols may contain an imbalance between 1s and 0s, and where the
complexities of QPSK and N-PSK modulation methods are to be avoided.
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TABLE 3-2: PERFORMANCE SUMMARIES OF MODULATION SCHEMES

Modulation Type 90% Power 95% Power ISI SNR ISI SNR ISI SNR In-Band Interference
Containment | Containment | Reduction | Reduction | Reduction Susceptibility
dB dB dB
PCM/PSK/PM (Sq) + 30 R, + 75 Ry 0.75 @ 0.15@ | 0.01dB @ | Less susceptible than PCM/PSK/PM sine
n=9m=12rad + 10R + 20 R + 50 R by about 4 dB. Susceptible to Out-of-Band
! : ’ - s - s - . interference.
PCM/PSK/PM (Sine) + 10 R; + 10 Ry 0.75 @ 0.18 @ 0.04 dB @ | More susceptible than PCM/PSK/PM
n= 9, m = 1.2 rad. + 10 Rs + 20 Rs + 50 Rs square.
PCM/PM/Bi-¢ + 25 R; + 5 Rg 63 @ 034 @ 0.20 dB @ | No information available.
= 1.2 rad. + 1R + 2R, + 5 R;
PCM/PM/NRZ + 1.2 Ry + 25 R; 085 @ 021 @ 0.01 dB @ | Noinformation available.
m = 1.2 rad. + 1 R + 2 Ry + 5 R;
BPSK/Bi-¢ + 3 R + 6.5 R; 63 @ 029 @ 0.15dB @ _bers's Suscfcpiiblellhhaln QPSK. No
— information available comparing to
m = + 90 deg + IRs 2R + 5 Rs modulation types listed ab‘:’t‘g
BPSK/N RZ + 1R, + 2 R 0.74 @ 0.17 @ 0.04 dB @ | Likely to be more scnsilim: than BPSK/Bi-
m= + 90 deg +1 Rs + 2 Rs + 5 Rs ¢. No nrlformalmn available as to other
modulation types.
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4.0 EFFECT OF SPECTRUM SHAPING

Spectrum shaping of the radiated signal is implicit in the notion of Required Bandwidth. Depending
upon the flight radio system’s architecture, the suggested concept may introduce a small loss in
transmitted power in order to obtain a significant saving in bandwidth. Spectrum shaping should
be accomplished so as to minimize the size, weight, and power losses due to any additional
components. Options for spectrum shaping were shown in Figure 2-1.

If bandwidth restriction becomes excessive, whether at the transmitter or receiver, additional losses
can be introduced. When the bandwidth is restricted to less than the main lobe of the transmitted
data’s frequency spectrum, then the shape of the transmitted pulse is changed. Symbols are
elongated with the result that one symbol will begin to overlay the following symbol (Reference 1).
Termed Intersymbol Interference (ISI), the effect is a loss in symbol energy resulting in a reduced
telemetry SNR.

ISI was evaluated for three bandwidths equivalent to + 1 Ry, + 2 R, and + 5 Rg (Reference 1).
The results will be found in columns 4, 5, and 6 of Table 3-2. Since all spectrum shaping was
assumed to be at the spacecraft, actual bandwidth, sufficient to handle one, two, or five times the
main spectral lobe(s) were used. Transmitter bandwidths are listed below the losses in the ISI
columns of Table 3-2. These filter bandwidths also provide an easy method for comparing the
Required Bandwidths of the several modulation methods.

5.0 SUSCEPTIBILITY TO INTERFERENCE

Reference 3 reviewed the literature to determine whether any comparative studies of susceptibility
to interference could be found. Very little information was discovered. The data that was found
tended to compare the susceptibility of similar systems rather than different modulation schemes.
Results are summarized in column 7 of Table 3-2. For example, data was found comparing
squarewave and sinewave subcarrier systems. Another study measured the relative performance
of BPSK and QPSK systems. None were located which contrasted subcarrier and direct modulation
methods.

Despite this lack of information. some simple observations can be made. Generally, the larger the
frequency spectrum’s width, the less the susceptibility to in-band interference. This results from the
logical assumption that individual interference bursts tend to be concentrated in narrow frequency
ranges. Therefore, the larger the width of the transmitted data’s frequency spectrum, the less
susceptible it is to interference in a portion of that band.

This "rule" is one reason why squarewave subcarriers have a distinct advantage over some of the
other modulation techniques. Of course, other methods such as high rate convolutional coding and
spread spectrum modulation can be used to achieve the same result with any of the direct
modulation methods. However, the important point is that restricting the frequency spectrum’s
width increases the susceptibility to in-band interference.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Because of the difficulties with the ITU definitions for Occupied Bandwidth and Necessary
Bandwidth, it is recommended that both the CCSDS and SFCG adopt a new definition for Required
Bandwidth based upon the proposal in Section 2.3. Because spectrum shaping is intrinsic in the
concept of Required Bandwidth, the definition should specify the percentage of power containment
(acceptable loss). A suggested level of 95% (-0.2 dB) is recommended for Required Bandwidth.

With regard to modulation schemes, it is recommended that subcarriers should be eliminated from
flight systems except in those unusual cases where they are required for some valid technical reason.
The excessive amount of bandwidth required by subcarrier modulation systems is graphically
summarized in Figure 6-1. Instead, one of the direct modulation schemes described above, together
with CCSDS recommended Virtual Channels (Reference 4) should be used to separate the data
streams. The CCSDS and SFCG should immediately consider limiting the use of subcarrier
modulation schemes, except in specified circumstances.

Where bandwidth conservation is important, and particularly in high data rate systems, special
consideration should be given to PCM/PM/NRZ and BPSK/NRZ formats®. Required Bandwidths
for the several direct, residual carrier, modulation schemes are shown in Figure 6-2. If spectral
spreading is needed to meet PFD limitations, then consideration should be given to reducing the
transmitter’s power and using convolutional encoding to compensate for the diminished power and
to spread the spectrum.

After the study of all candidate modulation schemes are completed (including QPSK, OQPSK, and
MSK), both the CCSDS and SFCG should coordinate and consider adopting Recommendations
favoring specific direct modulation methods. It is likely that the recommended types of modulation
will be a function of mission design and data rate.

* Provided that there is a good balance in the modulated data stream's 1s and Os (Mark-to-Space ratio).
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1.0 INTRODUCTION

At the 12* annual meeting of the Space Frequency Coordination Group (SFCG-12), held during
November 1992 in Australia, the SFCG requested the CCSDS RF and Modulation Subpanel to
study and compare various modulation schemes (SFCG Action Item 12-32). Preliminary findings
were discussed at last year’s NASA-ESA Frequency Coordination meeting. The first published
report was presented at the CCSDS Subpanel 1E and SFCG meetings in September 1993.

The initial paper considered six modulation schemes including PCM/PSK/PM Square,
PCM/PSK/PM Sine, PCM/PM/NRZ, PCM/PM/Bi-¢, BPSK/NRZ, and BPSK/Bi-¢ (Reference
1). It was shown that telemetry subcarriers (PCM/PSK/PM Square or Sine) tend to require an
excessive amount of the frequency spectrum. Conversely, PCM/PM/NRZ and BPSK/NRZ are the
most spectrum efficient and require the minimum hardware modifications to existing earth station
receivers.

While PCM/PM/NRZ and BPSK/NRZ modulation are the most bandwidth efficient, they are
sensitive to data imbalance. Therefore, unless convolutional coding is used, care must be exercised
to ensure that data balance is maintained [Reference 7). Modulation systems employing subcarriers
were found to be the least efficient and it was concluded that their use should be avoided absent
circumstances compelling their use. In fact, based upon that report, the CCSDS has adopted a Blue
Recommendation and the SFCG has approved a provisional Recommendation discouraging the use
of telemetry subcarriers.

Reference 2 completed Phase 1 of the CCSDS modulation study by reporting the equivalent
bandwidth and Inter-Symbol Interference (ISI) results for QPSK, OQPSK, and GMSK modulation.
Table 1-1 summarizes the results of the Phase 1 study reported in References 1, 2, and 8.

This paper is concerned with Phase 2 of the CCSDS - SFCG Efficient Modulation Methods Study and
explores the benefits accruing from spectrum shaping of the transmitted signal. Several alternative
filter types and locations are considered and the results are compared. An estimate of the increased
spectrum utilization, resulting from the application of the proper modulation and spectrum shaping
methods, is provided. It is shown that spectrum shaping, in combination with an efficient
modulation type, has the potential for increasing frequency band utilization by several times.
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TABLE 1-1: PERFORMANCE SUMMARIES OF MODULATION SCHEMES

Modulation Type 90% Power 95% Power ISI SNR ISI SNR ISI SNR In-Band Interference
Containment | Containment | Reduction | Reduction | Reduction Susceptibility
dB dB dB
PCM/PSK/PM (Sq)' | +30R, | +75R, | 075@ | 015@ | 001dB@ | Lessepible thn POM/PSK/PM sine
a )
n=9m=12rad. + 10R, + 20 Ry + S0 R, b e
PCM/PSK/PM (Sine)! + 10R, + 10R, 075 @ 018 @ 0.04 dB @ | More susceptible than PCM/PSK/PM
n=9m=12rad + 10R, + 20R,; + 50 Ry | v
PCM/PM/Bi-¢! + 29R, + 51R, 63 @ 034 @ 0.20 dB @ | No information available.
m = 1.2 rad. + 1R, + 2R, +5Ry
PCM/PM/NRZ' + 0.7 Ry + 12 R, 085 @ 021 @ 0.01 dB @ | No information available.
m = 1.2 rad. + 1R, + 2R, +5R;
BPSK/Bi-¢ + 3.1R; + 65R, 63 @ 0.29 @ 0.15 dB @ | Less susceptible than QPSK. No
e iy £1R | 2R | #5R |smmsietemee
BPSK/NRZ + 1R, +2R; 074 @ 017 @ 0.04 dB @ | Likely to be more sensitive than BPSK/Bi-
m=+ %deg_ +1 R. +2 R. +5 RB ;o::l::::rmm available as to other
QPSK + 05R, + 10R; 035 @ 02 @ - More sensitive than BPSK/NRZ due to
+ 05 RB + 1.0 RB crosstalk and phase distinguishability.
OQPSK + 05 R, + 10R; 0.152 01 @ - More sensitive than BPSK/NRZ due to
+ 05 RB + 1.0 R‘ crosstalk and phase distinguishability.
GMSK + 04 R, + 05 Ry 035 @ 02 @ - Similar to MSK [Ref. 8] (i.c., less sensitive
NOTES:
1 13.1 % of power contained within residual carrier.

2 R, is the frequency span occupied by each data bit, given the data bit rate (R, is the same as R, in Phase 1).
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2.0 OPTIMIZING BANDWIDTH EFFICIENCY

This paper documents the work completed since the SFCG meeting in late September 1993. At the
conclusion of these modulation studies, Recommendations will be drafted by the CCSDS and SFCG
endorsing specific modulation types and spectrum shaping depending upon mission conditions.

2.1 RF Spectrum Management

From the Phase 1 findings, it became obvious that careful selection of the modulation type, together
with some spectrum shaping, will be required to achieve bandwidth efficient communications.

2.1.1 Modulation Schemes

Phase 1 concluded that spectrum utilization is very dependent upon modulation type
(References 1 and 2). With these studies, nine modulation schemes were investigated and
their characteristics are summarized in Table 1-1. It was shown that telemetry subcarriers
(PCM/PSK/PM Square or Sine) tend to require an excessive amount of the frequency
spectrum. Conversely, GMSK, OQPSK, QPSK, BPSK/NRZ, and PCM/PM/NRZ are the
most spectrum efficient. GMSK is clearly the most bandwidth efficient modulation method
although the remaining four modulation types listed above produce acceptable Inter-Symbol-
Interference (ISI) levels when band limited to + 2 x Data Rate (Ry). (R, is the frequency
span occupied by one bit given the data rate and is equivalent to R, in the Phase 1 paper.)

2.1.2 Spectrum Shaping

Judicious filtering can also assist in reducing spectrum utilization. When used in conjunction
with a spectrum efficient modulation, the result can be a significant savings in the Required
Bandwidth. The issue becomes one of selecting the proper filter type and location.

Spectrum shaping increases the risk of Inter-Symbol Interference (ISI). Band-limiting
caused by the filter distorts the symbol’s waveform so that successive symbols begin to
overlap one another resulting in ISI [Reference 9]. It is not sufficient to shape the
spacecraft’s transmitted spectrum such that it requires only a small portion of the RF
frequency band if the result significantly increases the ISI. ISI appears as a telemetry data
system loss and should be accounted for under Waveform Loss on page 4 of the CCSDS
Link Design Control Table (DCT).

Accordingly, any spectrum shaping investigation must consider the additional losses due to
ISI for it is a major parameter establishing the utility of each modulation scheme.
Furthermore, nonlinearities found in the spacecraft’s modulator, multiplier and power
amplifier, along with imperfect data, can introduce additional spurious emissions, including
in-band components, into the transmission. These factors must also be considered in order
to obtain a reasonable evaluation of the overall system. This study’s objective is to provide
the most realistic estimate of actual system performance possible without building and
testing real hardware.

CCSDSB20.0-Y-2 Page 1-37 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

CCSDS - SFCG EFFICIENT MODULATION METHODS STUDY
Phase 2: Spectrum Shaping

Figure 2-1 is a simplified block diagram of a Spacecraft Radio Frequency Subsystem (RFS).
It identifies three locations where spectrum shaping can occur (shaded boxes) which will
limit the Required Bandwidth of the transmitted signal. These are: 1) At the input to the
spacecraft’s modulator, 2) At the output of the multiplier, and 3) At the output of the power
amplifier. Baseband filtering is always used in the turnaround transponder’s ranging channel
so there will be no further consideration of its characteristics. The following Sections
discuss the merits of placing the filters at these three locations.

2.2  Evaluation of Alternative Systems

Evaluating alternative implementation approaches, using only analytical methods, is probably an
exercise in futility. Unless one assumes virtually perfect conditions (e.g., data and hardware), the
number of factors to be considered becomes unmanageable. Ideally, one would build the required
hardware and make actual measurements on each of the several systems. However, this approach
is clearly impractical from both a cost and time approach.

Thus, it was decided to utilize a communications system simulator. While not a perfect emulator
of a real system, it does provide a close approximation permitting the comparative studies to be
completed in a finite amount of time. Its accuracy should be far greater than a purely analytical
approach, particularly if care is exercised in modeling the several system elements.

The system utilized was a Signal Processing Worksystem (SPW) marketed by COMDISCO Systems,
Foster City, California. This software is installed on a SPARC-10 Sun Workstation. COMDISCO
has a library of communications system components. For this study, JPL spacecraft modulator and
frequency multiplier models were employed. These two models are based upon specifications and
information describing the same components found in the NASA Standard Transponder.

Simulations were completed using ideal and non-ideal data. Ideal data exhibits perfect symmetry
and data balance while non-ideal data conforms to the CCSDS Recommendations 401 (2.4.8) B-1
for asymmetry and to Recommendation 401.0 (X.X.X) B-1 for data imbalance. The CCSDS limits
data asymmetry (ratio of time duration of a 1 to time duration of a 0) to + 2% and data imbalance
(probability of a 1 vs probability of a 0 [mark-to-space ratio]) to 0.45. Except for the Raised Cosine
and Square Root Raise sine filters (o = ich recei RZ-L _and _

1 ampled data

Non-ideal data was used so that the simulation results would more accurately predict actual
hardware performance. Stray capacitance in spacecraft wiring can increase the data asymmetry
while the random data can produce long runs of 1s or 0s (data imbalance). Data imbalance will not
pose a problem with PCM/PM/Bi-¢ modulation, since each data symbol will have both states (1
and 0). However, for PCM/PM/NRZ modulation, data imbalance is a significant concern [Ref. 7].

Initially, concern was expressed regarding the accuracy of the COMDISCO simulator. Users of
different software had discovered that their simulations contained errors in the amplitude of the
modulation sidelobes which were several R; away from the ca:rier. It was reported that the
COMDISCO simulation of ideal data could be 5 dB below the correct level at f; + 10 R,.

To calibrate the accuracy of the COMDISCO system, a frequency spectrum of ideal, random data
was made. Figure 2-2 and Table 2-1 contain the results of both theoretically computed and
simulated amplitudes. Note the good agreement indicating that COMDISCO accurately simulates
frequency spectra amplitudes.
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Figure 2-2. Frequency Spectrum of Random Digital Data (Ideal Data)
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Table 2-1. Comparison of Theoretical and Simulated Amplitudes

Offset from Theoretical Simulated
Center Frequency Amplitude Amplitude
(Rp) (dB) (dB)
0 0 0
1.5 -13.46 -13.5
2.5 -17.90 -18
3.5 -20.82 -21
4.5 -23.01 -23
5.5 -24.75 -25
6.5 -26.20 -27
7 -27.44 -27.5
85 -28.53 -29
9.5 -29.50 -29.5

Figure 2-2 and Table 2-1. COMDISCO Simulation of Random Data Spectrum
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2.2.1 Simulator Problems

COMDISCO’s simulation software used in JPL’s Communications Research Section (331)
contains models for a modulator, a multiplier, a TWT power amplifier, and now, a solid
state power amplifier. All models emulate real equipment and contain the nonlinearities
and imperfections found in the actual hardware.

The modulator and multiplier models were designed by JPL and are based upon
characteristics of corresponding elements found in NASA’s standard deep space
transponder. COMDISCO provided the model for the TWT which replicates a Hughes
TWT Model 275H. JPL implemented the Solid State Power Amplifier (SSPA) model
which is based upon specifications provided by the European Space Agency (ESA) for their
10 Watt, solid state, S-band power amplifier.

Some problems arose during the simulations due to differing conventions. COMDISCO
designed their model of the Hughes 275H TWT to operate with a baseband complex
envelope input/output and then be translated to the RF carrier frequency. Their reasoning
was simple. Computers function slowly and have limited capacity. By operating at
baseband, the sample rate-to-modulation data rate ratio, and hence the resolution, can be
greatly increased over that which would be possible at the full RF frequency. All
imperfections and nonlinearities found in the actual TWT have been translated to baseband
and are included in the model.

Conversely, the modulator and multiplier models were designed to operate at the full RF
frequency so that a complete RF simulation could be obtained, although at a lower
resolution. When this difference was discovered, models for the modulator, multiplier and
new solid state power amplifier were translated to also operate at baseband. Like the TWT,
all imperfections inherent in the actual hardware operating at RF frequencies are retained
in the revised models.

All simulations utilize both ideal and non-ideal NRZ-L and Sampled data as defined in
Section 2.2. Additionally, a non-ideal modulator, multiplier, and 10 Watt solid state S-band
amplifier were employed to ensure that the results represent actual system performance.
Simulations were made at baseband and translated to the RF operating frequency.

2.2.2 Simulation Conditions

Because of the large number of simulations required, it was decided to focus on a single
modulation scheme for Phase 2. Although not the most bandwidth efficient,
PCM/PM/NRZ modulation was selected because most space agencies still use residual
carrier communications systems. While implemented only occasionally, the bandwidth
efficiency of PCM/PM/NRZ makes it attractive for evaluating filter efficacy.

Efficient spectrum utilization is most important for Category A missions where their larger
numbers, stronger signals, and higher data rates exacerbate the frequency band congestion.
Therefore, where possible, Phase 2 focused on these systems rather than on those used for
Category B missions where congestion is less of a problem. Consequently, all simulations
employed the ESA 10 Watt solid state power amplifier and a 4* Order Butterworth
bandpass second harmonic filter, with a + 20 R, cutoff frequency, following the power
amplifier (Figure 2-1). (R, is the frequency spectrum width required by a single data bit).

7
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For comparative purposes, spectra for both the Hughes TWT Model 275H and the
European Space Agency’s 10 Watt Solid State S-band power amplifiers are provided in
Figure 2-3 using a spectrum width of f + 20 R;. Both amplifiers were operating in full
saturation. Spectra for the two amplifier types, using non-ideal data, showed no discernable
differences. Accordingly, the following results are believed to be equally applicable to both
TWTs and solid state amplifiers, operating in a fully saturated mode.

As noted, models for a non-ideal modulator and multiplier were also utilized. These models
are estimates of the modulator and multiplier found in the NASA standard transponder and
are based on published specifications. When combined with non-ideal data, the simulation
should represent actual spacecraft telemetry system performance reasonably well.

2.3 Selection of Filter Locations

Figure 2-1 shows that filters can be placed at the modulator’s input, the multiplier’s output, and/or
the power amplifier’s output. Clearly, from a spectrum management viewpoint, the most effective
filter location is following the power amplifier. Such a filter will attenuate spurious emissions
resulting from nonlinearities in the modulator, multiplier, and power amplifier. Moreover, all
spacecraft should have 2* harmonic filters to reduce unwanted emissions in other bands.

However, from a spacecraft construction and operations perspective, spectrum shaping following
the power amplifier is undesirable. Not only do such filters have to carry the full transmitted power
which tends to make them large and heavy, but also, output filtering may not be compatible with
some mission operations requirements.

For example, unless the telemetry symbol rate is equal to, or greater than, the ranging code rate,
the filter’s bandwidth will be a compromise either partially attenuating the ranging signal and/or
permitting far too many telemetry data sidebands to be transmitted defeating the objective of
limiting the telemetry spectrum. Such a filter is likely to preclude A DOR measurements.

There is yet a third disadvantage to an output filter. An output filter can significantly reduce the
high order data sidebands together with any spurious emissions that may be present. However, a
portion of the transmitted power is contained within the data sidebands and their elimination
translates into a power loss. In the past, a 5% loss (-0.2 dB) was considered to be acceptable.

Some filtering at the power amplifier’s output will be required to eliminate the second, and higher
order harmonics generated by the nonlinearities present in the power amplifier. Perhaps in some
cases, this filter can also be used to partially filter the data sidebands. However, it should be
expected that such sideband filtering will be modest.

Therefore, other filter locations should be considered. Again, from a spectrum management
viewpoint, the second most desirable location is following the multiplier and just prior to the power
amplifier. This is so because artifacts resulting from nonlinearities in the modulator and multiplier
will be reduced even if those from the power amplifier will not. Spectrum shaping at the multiplier
or power amplifier input may be necessary in BPSK and/or QPSK systems using "switched
modulators” where baseband filtering is not feasible (see page 10 and Section 4.1.3). With
suppressed carrier modulation, ranging and A DOR tones are unlikely to pose problems and these
filter locations should be acceptable. To obtain the same performance measured for the baseband
filters, the bandpass characteristics should produce same transmitted RF spectrum characteristics
discussed on the following pages.
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Figure 2-3a. Solid State Power Amplifier (SSPA) Spectrum (Non-Ideal Data)
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Figure 2-3b. Traveling Wave Tube (TWT) Spectrum (Non-Ideal Data)
Figure 2-3. Comparison of Traveling Wave Tube and Solid State
Power Amplifiers (Non-Ideal Data)
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Baseband filtering remains as the single, most advantageous, alternative to post power amplifier
filtering for residual carrier modulation. Virtually all of the disadvantages listed above for the post
power amplifier filter are eliminated. The filter can be small, lightweight, and consume very little
power. Moreover, such a filter location is compatible with simultaneous telemetry, ranging, and A
DOR tones since they can have separate, unfiltered, modulator inputs.

However, baseband filtering may be incompatible with some suppressed carrier modulators. If the
BPSK or QPSK modulator is linear so that its output phase shift is a linear function of input
voltage, then baseband filtering is feasible. Conversely, if the modulator is "switched" so that the
output phase has 2 (BPSK) or 4 (QPSK) discrete phases which occur when the input voltage passes
certain thresholds, or if a digital input is required, then baseband filtering will not be effective.

Baseband filtering suffers from one other significant disadvantage. Irrespective of how well the
input data has been filtered, nonlinearities found in the modulator, multiplier and solid state power
amplifier will have a tendency to reestablish the data sidebands that the filter was intended to
eliminate. Nevertheless, because of its simplicity, an investigation of baseband filtering is
worthwhile to quantify the benefits which can be obtained.

2.4  Optimum Filter Types

Given that baseband filtering is the most practical choice, one must select the optimum filter type
for this location. This selection is especially critical because of the several nonlinear elements
following the filter. As noted above, each of these elements has a tendency to restore some of the
frequency components that the filter removed. Moreover, some filters exhibit ringing at the cut-off
frequency which wreaks havoc when passed through non-linear system components.

Here, the approach was to simulate the system’s performance using the equipment described in
Section 2.2.2 which included models of a non-ideal modulator, multiplier, and power amplifier.
Four filter types were selected for comparison. These were: a 5* Order Butterworth filter, a 3"
Order Bessel filter, Raised Cosine filters with & = 0.25, 0.5, and 1, and a Square Root Raised
Cosine filter with « = 1.

Note: The purpose of these simulations was to establish the effect of baseband filtering on the
transmitted data’s spectrum. Accordingly, narrow bandpass filters were used with cut-off frequencies
of + 1 Ry. (I Ry is the span of a single data bit in the frequency domain, e.g., for random data,
spectral nulls occurat + 1 Ry, + 2Ry, . ... = B Ry).

One might expect that the Inter-Symbol Interference (ISI), resulting from such a narrow baseband
filter, might be high. In Phase 1 of this study, it was found that filter bandwidths of at least + 2
Rg [+ 2 Ry = + 2 Ry] were required to ensure that the ISI was held to an acceptable value.

25 Simulation Tests

Table 2-2 contains a list of the simulations undertaken for this study. Because of time constraints,
all simulations employed a PCM/PM/NRZ modulation format. The first two simulations, without
any baseband filtering, were intended to serve as references with which to compare subsequent
simulations employing a variety of baseband filters. Each of the reference spectrum plots should
be compared with the corresponding plots for the filtered data in order to evaluate the benefits of
baseband filtering. These first two cases utilize ideal data (no data asymmetry nor any data
imbalance) and non-ideal data (corresponding to characteristics set forth in Section 2.2 respectively).

10
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Table 2-2: SIMULATIONS

Sim Modulation Filter Filter Filter Data Spectrum Plot Test Purpose
No. Type Location Type Cher Cher. Plots Locations
1 None None None None Ideal + 10R Mod, PA, Unfiltered NRZ-L data spectrum referencs.
(Baseband) NRZ-L + 200R, | PA Unfil.
2 None None None None Non-Ideal + 10R Mod, PA, Unfiltered NRZ-L data spectrum reference.
(Baseband) NRZ-L + 200 R, PA Unfil.
3 PCM/PM/NRZ Baseband Butterworth - Ideal + 10R Mod, PA, Evaluation of Butterworth filter, ideal
Order NRZ-L + 200R, | 2®HarFil' | NRZ-L data.
4 PCM/PM/NRZ Baseband Butterworth 5% Non-ldeal + 10R Moed, PA, Evaluation of Butterworth filter, non-ideal NRZ-L
Order NRZ-L + 200 Ry | 2 Har Fil data,
5 PCM/PM/NRZ Baseband Bessel 3 Ideal + 10 R Mod, PA, Evaluation of Bessel filter, ideal
Order NRZ-L + 200 ﬁ; 2™ Har Fil NRZ-L data.
[} PCM/PM/NRZ Baseband Bessel 3 Non-ideal + 10 R, Mod, PA, Evaluation of Bessel filter, non-ideal
Order NRZ-L + 200 ﬁ‘, 2™ Har Fil NRZ-L data.
7 PCM/PM/NRZ Baseband Raised a=0,25 Ideal + 10R Mod, PA, Evaluation of Raised Cosine filter
Cosine NRZ-L + 200 ﬁ. 2™ Har Fil {g = 0.25), ideal NRZ-L data.
8 PCM/PM/NRZ Baseband Raised a =025 Non-ldeal + 10R Mod, PA, Evaluation of Raised Cosine filter
Cosine NRZ-L + 200 ﬁ. 2™ Har Fil {g = 0.25), non-ideal NRZ-L data.
9 PCM/PM/NRZ Bassband Raised a=05 Ideal + 10R Mod, PA, Evaluation of Raised Cosine filter (g = 0.5),
Cosine NRZ-L + 200 ﬁ', 2™ Har Fil ideal NRZ-L data.
10 PCM/PM/NRZ Baseband Raised a=05 Non-ldeal + 10R Mod, PA, Evaluation of Raised Cosine filter (d = 0.5),
Cosine NRZ-L + 200 K, 2™ Har Fil non-ideal NRZ-L data.
1 PCM/PM/NRZ Baseband Raised a=1 Ideal + 10R Mod, PA, Evaluation of Raised Cosine filter (@ = 1), ideal
Cosine NRZ-L + 200 ﬁ; 2™ Har Fil NRZ-L data,
12 PCM/PM/NRZ Baseband Raised =1 Non-ideal + 10 R Mod, PA, Evaluation of Raised Cosine filter (¢ = 1), non-
Cosine NRZ-L + 2008, | 2¢HarFil' | ideal NRZ-L data.
13 PCM/PM/NRZ Baseband Sq Root a=1 Ideal + 10R, Mod, PA, Evaluation of Square Root Raised Cosine filter
Raised Cosine NRZ-L + 200 R, 2™ Har Fil (@ = 1), ideal NRZ-L data.
14 PCM/PM/NRZ Bassband Sq Root a=1 Non-ideal + 10R Mod, PA, Evaluation of Squars Root Raised Cosine filter
Raised Cosine NRZ-L + 200 Fr. 2™ Har Fil (@ = 1), non-ideal NRZ-L data.
15 PCM/PM/NRZ Baseband Raised a=1 Ideal + 10R Mod, PA, Evaluation of Raised Cosine filter (o = 1), ideal
Cosine Sampled + 200 F?, 2™ Har Fil Sampled data.
18 PCM/PM/NRZ Baseband Raised a=1 Non-ideal + 10R Mod, PA, Evaluation of Raised Cosine filter (g = 1), non-
Cosine Sampled + 200 Ff. 2™ Har Fil ideal Sampled data.
17 PCM/PM/NRZ Baseband S$q Root a=1 Ideal + 10R Mod, PA, Evaluation of Square Root Raised Cosine filter
Raised Cosine Sampled + 200 Fg, 2™ Har Fil la = 1), ideal Sempled data.
18 PCM/PM/NRZ Baseband Sq Root a=1 Non-ideal + 10R Mod, PA, Evaluation of Square Root Raised Cosine filter
Raised Cosine Sampled + 200 R, 2™ Har Fil le = 1), non-ideal Sampled data.
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3.0 SIMULATION RESULTS

Simulations were completed for each case listed in Table 2-2. Simulation modeling estimated the
performance of actual hardware (non-ideal modulator, multiplier, and power amplifier) using both
ideal and non-ideal data sources for all cases. The objective was to ensure that simulation results
accurately predicted true hardware performance. Figure 3-1 is a block diagram of the flight system,
showing filter locations and alternative study conditions.

For each of the cases listed in Table 2-2, individual spectra were simulated and plotted for: (1) the
data source, either the data itself where no filter is present or at the filter’s output if one was used,
(2) at the output of the power amplifier (prior to the 2* harmonic filter), and (3) at the output of
the 2* harmonic filter.

Different spectrum widths and resolutions were used depending upon the point being investigated.
All spectral frequency axes are labeled in terms of Ry, where Ry is the normalized spectral
frequency occupied by a single bit in the telemetry data stream. This generalized labeling permits
the reader to scale the results of these simulations to any desired data rate.

At baseband, filtered and unfiltered data spectrum plots have a width of f, + 10 R;. The power
amplifier’s output is also plotted f. + 10 Ry, where f.. is the residual carrier’s frequency. These two
comparatively high resolution (resolution = 8 Hz) plots permit examination of the transmitted
signal’s fine structure for accurate determination of the filter’s attenuation. A 4® Order Butterworth
bandpass filter with a cutoff frequency of f. + 20 Ry, which does not affect the baseband filtering,
follows the power amplifier. Its purpose is to simulate a 2* harmonic filter frequently used
following power amplifiers to protect users of other bands. So that a large part of the frequency
band will be visible, these plots cover a range of f. + 200 R, with a resolution of 11 Hz.

3.1 Reference Data

Simulations were made using unfiltered data (Table 2-2, Case Nos. 1 and 2) to establish a
benchmark for comparing the several filter types. Figure 3-2 contains a series of plots for ideal data
while Figure 3-3 contains equivalent plots but for non-ideal data. Comparing Figure 3-2a with
Figure 3-3a clearly demonstrates the difference in the baseband frequency spectrum for ideal and
non-ideal data. Note the significantly increased spurious emissions, including in-band components,
present in the non-ideal data.

When unfiltered NRZ-L data is modulated, multiplied and amplified using imperfect system
components in a PCM/PM/NRZ format, the results appear in Figures 3-2b and 3-3b. Spurious
emissions with in-band components present in the baseband data, also appear at the output of the
power amplifier. This spectrum plot represents the power amplifier’s output prior to the 2*
harmonic filter so that readers can see the full effect of both baseband and post power amplifier
filtering used in subsequent cases.

From Figure 3-3b, it can be seen that the peak level of the third data sideband (e.g., at f, + 3 Ry)
is approximately 21 dB below the peak level of the 1* data sideband and the fifth data sideband
(e.g, at f, + 5 R;) is about 25 dB below the peak level of the 1% data sideband. These levels can
serve as references for comparing the various filter options. For a non-ideal data source, the
spurious emissions extend well beyond the Necessary Bandwidth. Note: while spectra for ideal data
is included in this paper, performance comparisons will be made using spectra for non-ideal data
because they should better represent actual operating hardware.
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- NON-IDEAL — BUTTERWORTH, 5th ORDER

— BESSEL, 3rd ORDER

— RAISED COSINE (a = 0.25, 0.5, 1), NRZ-L DATA
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— RAISED COSINE (a = 1), SAMPLED DATA

— SQUARE ROOT RAISED COSINE (« = 1), SAMPLED DATA

Figure 3-1. Spacecraft Configuration for Evaluating Alternative Modulation Methods
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3.2  Filtered Data

Figures 3-2 and 3-3, showing spectra of unfiltered data, can serve as references with which to
compare spectra using different types of baseband filters. Because of their large number, only a
limited number of plots could be included and discussed in this paper. For the filtered cases,
spectra will be provided at the output of: the baseband filter, the power amplifier, and the 2%
harmonic filter. Furthermore, because the unfiltered baseband reference data (Figures 3-2 and 3-3)
applies to each of the cases, it will not be repeated for each filter studied. Readers are referred
to the corresponding unfiltered case in order to determine the effect of various filter types on the
baseband and transmitted spectra.

For purposes of determining filter efficacy, the only meaningful data is the frequency spectrum that
is actually transmitted. Accordingly, the transmitted spectra resulting from unfiltered and filtered
data must be compared at the power amplifier’s output and at the 2* harmonic filter’s output.
These data should provide the most accurate estimate of a real flight hardware system’s
performance. Results of all simulations for the power amplifier’s output are summarized in Table
3-1 for filtered and unfiltered, ideal and non-ideal, data. As with the unfiltered data, three plots
are provided for each of the filtered cases corresponding to: (1) the baseband filter’s output, (2) the
power amplifier’s output, and (3) the output of the 4* Order Butterworth 2™ harmonic filter with
a bandwidth of + 20 R,.

3.2.1 Butterworth Filter; 5* Order

From Table 2-2, the first filter to be considered is the 5* Order Butterworth. The BT
product for this filter was set to 1.0 and the bandwidth to R;. Figures 3-4 and 3-5 depict
system’s performance using this filter for ideal and non-ideal NRZ-L data respectively.
Figures 3-4a and 3-5a should be compared to Figures 3-2a and 3-3a for the ideal and non-
ideal data cases respectively. At + 2 R,, the filter attenuates the baseband data sidebands
by 40 dB, using a non-ideal data source. However, note the ringing at the knee of the curve
which is probably the result of the filter’s high (5*) Order. The effect of this ringing will
become apparent as the signal passes through additional non-linear elements.

Figures 3-4b and 3-5b show the spectrum at the power amplifier’s output. Note the spurious
emissions, with in-band components, at frequency intervals of R, which probably result from
filter ringing, non-ideal components, and perhaps the ISL. The large spurious signals are
present for both ideal and non-ideal data but additional, lower level spurious emissions can
be seen in the frequency spectrum using non-ideal data. Figures 3-4b and 3-5b should be
compared with Figures 3-2b and 3-3b respectively. Spurious emissions, with in-band
components, are very evident in Figure 3-3b where no baseband filtering was used and are
clearly the result of non-ideal data. Thus, both the Butterworth baseband filter and non-
ideal data are seen to introduce in-band spurious emissions which represent non-recoverable
data power. However, comparing Figures 3-3b and 3-5b reveals that the filtering
significantly reduces the spurious emission level.

Figures 3-4c and 3-5c are the frequency spectra at the output of the 4* Order Butterworth
2* harmonic bandpass filter which follows the power amplifier. Initially, this filter had a
cut-off frequency of f. + 150 R, and was intended to reduce the second harmonic emission.
However, the non-linear transmitting system produced both odd and even harmonics with
the result that significant emissions are present at f. + 50 Ry, + 100 R,, etc. Therefore,
these simulations used a second harmonic filter bandwidth of f. + 20 R,.
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Figure 3-2a. Unfiltered Baseband Data
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Figure 3-2¢. Output of Second Harmonic Filter (+ 20 Ry)
Figure 3-2. Unfiltered Baseband NRZ-L Data Spectra (Ideal Data)
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Figure 3-3a. Unfiltered Baseband Data
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Figure 3-3b. Output of Power Amplifier
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Figure 3-3¢. Output of Second Harmonic Filter (£ 20 Rg)

Figure 3-3. Unfiltered Baseband NRZ-L Data Spectra (Non-Ideal Data)
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Figure 3-4a. Output from Butterworth Filter (5th Order)

20 1 ]

m
©
-100 | ]
-10Rg -5Rg s 5Rg 10 Rg
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Figure 3-4c. Output of Second Harmonic Filter (+ 20 Rg)
Figure 3-4. Baseband 5th Order Butterworth Filtered NRZ-L Data Spectra
(Ideal Data)
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Figure 3-5a. Output from Butterworth Filter (5th Order)
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Figure 3-5. Baseband Sth Order Butterworth Filtered NRZ-L Data Spectra
(Non-Ideal Data)
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From a Frequency Manager’s perspective, the important result from baseband filtering can
be seen when comparing Figures 3-3c and 3-5c. At f. + 5 R;, the Butterworth filter
attenuates the sidebands by an additional 22 dB, placing the absolute level of sidebands
beyond + 5 R, at 47 dB, or more, below the peak of the main data lobe. Whether this
additional attenuation is sufficient to greatly increase band utilization is discussed in Section
5. A summary of the attenuation provided by each filter type will be found in Table 3-1.

The in-band spurious emissions are a cause of concern for Butterworth filters. Initially, it
was thought that these spurious signals could be the result of Inter-Symbol Interference
(ISI). To investigate this possibility, the Butterworth filter’s bandwidth was widened from
approximately 1 R; to about 5 R,. The result was a reduction in the amplitude of the in-
band spurious signal near the carrier but an increase in these same emissions at and around
+ 5 R;. No significant benefit was obtained by widening the Butterworth filter’s bandwidth.

3.2.2 Bessel Filter

A 3" Order Bessel filter is an alternative to the Butterworth filter. For consistency, a BT
product of 1.0 and a bandwidth of R were selected. Some writers suggest that Bessel filters
are superior to Butterworth filters when applied to baseband signals. Spectra for this filter
appear in Figures 3-6 and 3-7 and should be compared with Figures 3-4 and 3-5 respectively.

Comparing Figures 3-5b and 3-7b (power amplifier outputs) reveals that the modulated and
amplified spectra are virtually identical for the two filters. Both exhibit a significant number
of in-band spurious emissions. Likewise, comparing Figures 3-5¢ and 3-7c (2* harmonic
filter output) shows that the transmitted spectra are substantially indistinguishable from one
another. Attenuation values contained in Table 3-1 show the Butterworth filter to be
superior. The Bessel filter’s poorer attenuation is probably due to its comparatively low
Order. Like Butterworth filters, there is some concern regarding the use of Bessel filters
because of the in-band spurious emissions.

3.2.3 Raised Cosine Filters

Raised Cosine filters were selected for evaluation because the linearity of their phase-
frequency relationship should help to eliminate the ringing found in Butterworth filters at
the cutoff frequency. Their comparatively narrow bandwidth, combined with a smooth
response, should provide a signal which concentrates most of the data sideband energy in
or near the main lobe significantly attenuating the sidebands. Such filters are commonly
employed to pack a multiplicity of signals in a confined frequency band.

Raised Cosine filters accept two types of input signals: non-sampled and sampled. With
non-sampled input signals like NRZ-L, d(t), the Raised Cosine filter behaves in a manner
similar to a passive filter with a transfer function, X(f), having a Raised Cosine shape
(Reference 10). Here, the filter’s output is the convolution of the input signal d(t) with x(t)
where x(t) is the inverse Fourier transform of X(f). Conversely, when the input signal is
sampled (e.g., a pulse of short duration with an amplitude of + 1 representing a "1" and a
similar pulse of short duration with an amplitude of - 1 representing a "0"), the Raised
Cosine filter acts like a waveform generator producing a true Raised Cosine shape of X(f)
in the frequency domain. In practice, one can obtain a Raised Cosine waveform using a
non-Sampled data input by cascading the Raised Cosine filter and a 1/Sinc filter. Note that
Sinc(t) is defined as sin(t)/t. -
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Maximizing data transmission efficiency requires the receiver have a filter matching the one
at the transmitter. For linear channels (e.g., channels without AM-AM and AM-PM
conversions), placing a Raised Cosine or Square Root Raised Cosine filter at the transmitter
requires installing the same filter at the receiver. The result is a system transfer function
approximating a [Raised Cosine]* or a Raised Cosine function respectively. With this
implementation, one can obtain ISI-free sample points for optimum data detection (see
Figures 4-2a and 4-2c).

However, for non-linear channels, such as those considered here, the principle is no longer
applicable because of the distortion introduced by the system. With such channels, ISI-free
sample points no longer exist as shown in Figures 4-2b and 4-2d. The objective of this study
is not only to find a bandwidth efficient communications system which can increase
frequency band utilization, but also, to identify an implementation that can be realized.
Accordingly, detection and ISI will be discussed in greater detail in Section 4.

The "bandwidth" of a Raised Cosine filter is determined by a parameter termed o which can
be varied from 0 to 1. For a = 0, the filter’s transfer function approximates that of a "Brick
Wall" filter with bandwidth T while an « = 1 yields a sinusoidal transfer function having a
total width of 2T. Figure 3-8a depicts the amplitude responses in the frequency domain for
a Raised Cosine filter while Figure 3-8b does the same of a Square Root Raised Cosine
filter.

As described above, if Sampled data is fed to a Raised Cosine filter, the resulting waveform
will be a pure Raised Cosine function rather than the convolution of the inverse Fourier
transform with an NRZ-L function. To generate a true Raised Cosine waveform, a Sampled
data input rather than a NRZ-L data input is required. Sampled data is produced by
generating a pulse, of short duration, having a + 1 amplitude representing each "1" and a
pulse of the same duration but having a - 1 amplitude to representing each "0".

To determine if the filter’s performance is significantly affected, spectra for both NRZ-L
and Sampled data are analyzed. A Sampled data waveform requires modifications to
existing spacecraft hardware. However, if the bandwidth reduction resulting from this data
type is large, then such alterations may be desirable and worth the expenditure.

In the following sections, spectra for both Raised Cosine and Square Root Raised Cosine
filters with NRZ-L and Sampled data inputs are provided. Both filter types have advantages
and disadvantages with respect to each other as well as with regard to Butterworth and
Bessel filters which can only be illuminated by comparing the several types. To make this
comparison it is necessary to examine the transmitted spectra for the several Raised Cosine
and Square Root Raised Cosine filters. Spectra for Raised Cosine filters with an NRZ-L
input and a = 0.25, 0.5, and 1 are provided to demonstrate the effect of this parameter.
However, Raised Cosine filters for Sampled data and all Square Root Raised Cosine filters
are only evaluated at a = 1.
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Figure 3-6a. Output from Bessel Filter (3rd Order)
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Figure 3-6¢. Output of Second Harmonic Filter (+ 20 Rg)
Figure 3-6. Baseband 3rd Order Bessel Filtered NRZ-L Data Spectra
(Ideal Data)
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Figure 3-7a. Output from Bessel Filter (3rd Order)
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Figure 3-7c. Output of Second Harmonic Filter (£ 20 Rg)
Figure 3-7. Baseband 3rd Order Bessel Filtered NRZ-L Data Spectra
(Non-Ideal Data)
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Figure 3-8. Amplitude Responses for Raised Cosine Filters
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32341 Raised Cosine Filter (@ = 0.25), NRZ-L Data

Comparing Figures 3-9a and 3-10a for a Raised Cosine (o = 0.25) filter with Figures 3-4a
and 3-5a for Butterworth and Figures 3-6a and 3-7a for Bessel filters shows that the former
offers a significant advantage over both of the latter filter types. Despite some evidence of
higher order sidebands, the spectrum is narrower, cleaner, better defined, than the spectra
for other filter types. Moreover, the attenuation at + 5 Ry is significantly greater than that
for the Butterworth or Bessel filters. In-band spurious emissions are absent, even for non-
ideal data. The reason why Raised Cosine filters are frequently chosen to separate signal
sources operating in the same band is clearly obvious from Figures 3-9a and 3-10a. With
a = 0.25, this is the narrowest bandwidth Raised Cosine filter to be considered in this study.

Outputs from the power amplifier are also comparatively uniform although the greatly
attenuated higher order data sidebands are clearly visible in Figures 3-9b and 3-10b for ideal
and non-ideal data respectively. Unfortunately, the nonlinearities of the modulator,
multiplier, and power amplifier cause a significant increase in amplitude in the 2 to 7 R;
region. Nevertheless, with non-ideal data, the transmitted signal levels are 40 dB below the
main lobe at 4+ 3 R, and 53 dB below the main lobe at + 5 R,.

3.2.3.2 Raised Cosine Filter (& = 0.5), NRZ-L Data

Similar RF frequency spectrum levels, using non-ideal data, are found with a Raised Cosine
(o = 0.5) filter (Figure 3-12b) . This filter provides a transmitted data spectrum which is
43 dB below the main data lobe at + 3 R, and 52 dB below the main lobe at + 5 R,.

As with the previous filter, the transmitted RF spectrum (Figure 3-12c) is comparatively
smooth and free of in-band spurious emissions, even for non-ideal data. Since there appears
to be no significant difference in the spectra using the two filters, the selection must depend
upon other factors such as ISI, implementation complexity, etc.

3233 Raised Cosine Filter (@ = 1), NRZ-L Data

Because a Raised Cosine filter with an @ = 1 has a larger bandwidth than filters with
smaller values of , the baseband data spectrum using non-ideal data (Figure 3-14a) is wider
than those described above. However, the higher order data sidebands seen in the previous
cases are clearly absent.

At the power amplifier’s output (Figure 3-15b), the spectrum is characterized by a smooth
roll-off with no in-band spurious emissions evident. Due to this filter’s wider bandwidth, the
attenuation at + 5 R, is slightly less that for filters with smaller values of . At £ 5 R,
the signal level is 51 dB below the main lobe rather than 52 or 53 dB.

3.2.34 Square Root Raised Cosine Filter (« = 1), NRZ-L Data
To obtain two ISI-free sample points, a Square Root Raised Cosine filter was evaluated.
Only a single filter with @ = 1 was analyzed. Results are shown in Figures 3-15 and 3-16

for ideal and non-ideal data respectively. Like the full Raised Cosine filters, the Square
Root Raised Cosine filter was supplied with NRZ-L data.
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Figure 3-9a. Output from Raised Cosine Filter (o = 0.25; 2000 Taps)
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Figure 3-9c. Output of Second Harmonic Filter (£ 20 Rg)

Figure 3-9. Baseband Raised Cosine Filtered NRZ-L Data Spectra, o = 0.25
(Ideal Data)
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Figure 3-10a. Output from Raised Cosine Filter (o = 0.25; 2000 Taps)
20 I ]
0
-20
B 40
-60
-80
-100 | |
-10 Rg -5Rg s 5Rp 10 Rg
Figure 3-10b. Output of Power Amplifier
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Figure 3-10c. Output of Second Harmonic Filter (+ 20 Rp)
Figure 3-10. Baseband Raised Cosine Filtered NRZ-L Data Spectra, a = 0.25
(Non-Ideal Data)
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Figure 3-11a. Output from Raised Cosine Filter (o = 0.5; 2000 Taps)

20 | |

-100 | | |
-10 Rg -5 Rp fc 5Rg 10 RB
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Figure 3-11c. Output of Second Harmonic Filter (£ 20 Rg)

Figure 3-11. Baseband Raised Cosine Filtered NRZ-L Data Spectra, o = 0.5
(Ideal Data)
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Figure 3-12a. Output from Raised Cosine Filter (o = 0.5; 2000 Taps)
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Figure 3-12c. Output of Second Harmonic Filter (+ 20 Rg)

Figure 3-12. Baseband Raised Cosine Filtered NRZ-L Data Spectra, o = 0.5
(Non-Ideal Data)
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Figure 3-13a. Output from Raised Cosine Filter (a = 1; 2000 Taps)
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Figure 3-13c. Output of Second Harmonic Filter (+ 20 Rp)

Figure 3-13. Baseband Raised Cosine Filtered NRZ-L Data Spectra, a. = 1
(Ideal Data)
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Figure 3-14a. Output from Raised Cosine Filter (ot = 1; 2000 Taps)
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Figure 3-14b. Output of Power Amplifier
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Figure 3-14c. Output of Second Harmonic Filter (+ 20 Rp)

Figure 3-14. Baseband Raised Cosine Filtered NRZ-L Data Spectra, o. = 1
(Non-Ideal Data)
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Figure 3-15a. Output from Square Root Raised Cosine Filter (o = 1; 2000 Taps)
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Figure 3-15c. Output of Second Harmonic Filter (£ 20 Rg)

Figure 3-15. Baseband Square Root Raised Cosine Filtered NRZ-L Data Spectra, o = 1
(Ideal Data)
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Figure 3-16a. Output from Square Root Raised Cosine Filter (a. = 1; 2000 Taps)
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Figure 3-16c. Output of Second Harmonic Filter (+ 20 Rp)

Figure 3-16. Baseband Square Root Raised Cosine Filtered NRZ-L Data Spectra, o = 1
(Non-Ideal Data)
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3.234 Square Root Raised Cosine Filter (¢ = 1), NRZ-L (Continued)

Figures 3-16b and 3-16¢c, for the power amplifier and second harmonic filter outputs
respectively, also show a smooth roll-off and no spurious emissions, even using non-ideal
data. Excellent attenuation was obtained with the signal level at + 5 R, falling to 53 dB
below the level of the main data lobe. This is better performance than was obtained with
any of the full Raised Cosine, Butterworth, or Bessel filters. The Square Root Raised
Cosine filter appears to be a strong candidate for the optimum baseband filter type.

3.2.3.5 Raised Cosine Filter (« = 1), Sampled Data

Since Raised Cosine filters only produce a true Raised Cosine function with Sampled data
inputs as described in Section 3.2.3 above, simulations using Sampled data were made to
determine whether the resulting spectra offered significant advantages over those produced
by NRZ-L data. Figures 3-17a and 3-18a, for ideal and non-ideal data respectively, show
the filter’s output for Sampled data. The effects of sampling are evident from the small
spikes seen in the Figures, particularly for the non-ideal data case.

These spikes are also clearly evident in Figures 3-17b and 3-18b representing the power
amplifier’s output. With a Sampled data input, the spectra for a Raised Cosine (a = 1)
filter begins to resemble those of the Butterworth and Bessel filters.

Following the second harmonic filter (f- + 20 R;), Figures 3-17c and 3-18c, the spectrum
appears to be similar to that for a Raised Cosine filter (« = 1) with an NRZ-L input.
However, measurements made with COMDISCO to determine the point where the
frequency spectrum falls to a level 50 dB below the main data lobe show the performance
with Sampled data is poorer than with NRZ-L data (see Tables 3-1a and 3-1b). This
degraded performance results from the spikes generated by the data sampling process.

While it may be possible to reduce the amplitude or eliminate these emissions by a post
filter signal processor, there is no evidence that the resulting spectrum would be better than
a Raised Cosine filter with an NRZ-L input. However, amplitude studies discussed in
Section 4 show that a Raised Cosine filter, with a Sampled data input, has a significantly
more uniform output than one with an NRZ-L data input. Therefore, despite their poorer
sideband attenuation, Raised Cosine filters with Sampled inputs may be useful in an
operational system.

3.2.3.6 Square Root Raised Cosine Filter (o = 1), Sampled Data

Figures 3-19a and 3-20a show the output of a Square Root Raised Cosine filter (o = 1) with
Sampled ideal and non-ideal data inputs respectively. Here the sampling effect is very
evident and can be seen as a series of amplitude changes at intervals of approximately 0.1
R;. These additional low level "spurious emissions" are likely the result of the Square Root
Raised Cosine filter’s wider bandwidth.

The power amplifier’s output is shown in Figures 3-19b and 3-20b. Both exhibit significant

levels of in-band spurious emissions with the result that they perform much like systems with
Butterworth and Bessel filters.
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Spurious emissions are clearly evident in the broadband spectrum (f. + 200 R;) measured
at the output of the second harmonic filter (Figures 3-19¢ and 3-20c). The effect of these
emissions is obvious in Tables 3-1a and 3-1b, for ideal and non-ideal data respectively, where
the data sideband attenuation at + 5 Ry is 14-16 dB less using a Sampled data input than
is the case for an NRZ-L data input. Given the amplitude variations found for a Square
Root Raised Cosine filter using a Sampled data input (see Section 4), it is questionable
whether or not this filter with a Sampled data input will be useful.

3.3  Summary of Baseband Filter Simulations

Four filter types, seven different baseband filters, and four types of input data were studied to
determine their effect in limiting the transmitted telemetry data spectrum’s width. Most space
agency’s data systems produce an NRZ-L baseband format so it was selected as the primary input
to the filters. However, because of their design, both the Raised Cosine and Square Root Raised
Cosine filters were also evaluated using Sampled data inputs. To obtain the most realistic results,
all simulations were performed with a non-ideal modulator, frequency multiplier, and solid state
power amplifier. For completeness, filters were tested using both ideal and non-ideal data as
defined in Section 2.2.

A summary of the sideband levels for no baseband filtering and for the several baseband filter types
appears in Tables 3-1a and 3-1b for ideal and non-ideal data respectively. Numbers in these Tables
represent the highest signal levels, relative to the first (main) data lobe, found at the named (or
greater) frequency on either side of the RF carrier. The attenuation provided by each filter can
be found by subtracting the value in the first row, representing the unfiltered case, from the value
for the desired filter at the same frequency. Numbers in these Tables were obtained from the
COMDISCO simulator by positioning a cursor on the frequency spectrum at each of the specified
frequency offsets and reading the amplitude directly from a digital representation on the screen.
Accuracy of the measurement is believed to be within + 2 dB.

Having completed the performance survey of the several filter types, the task becomes one of
building a flight system. The most effective filter in the world, which produces the most compact
RF spectrum, will be useless if flight and ground systems using the filter cannot be easily
implemented. The characteristics of the several filters, as they relate to actual systems, is the
subject of the next Section.
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Figure 3-17a. Output from Raised Cosine Filter, o = 1
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Figure 3-17b. Output of Power Amplifier
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Figure 3-17c. Output of Second Harmonic Filter (£ 20 Ry)

Figure 3-17. Baseband Raised Cosine Filtered Sampled Data Spectra, a = 1
(Ideal Data)
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Figure 3-18a. Output from Raised Cosine Filter, o = 1
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_ Figure 3-18c. Output of Second Harmonic Filter (+ 20 Rp)

Figure 3-18. Baseband Raised Cosine Filtered Sampled Data Spectra, o. = 1
(Non-Ideal Data)
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Figure 3-19a. Output from Square Root Raised Cosine Filter, o = 1
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Figure 3-19. Baseband Square Root Raised Cosine Filtered Sampled Data Spectra, o =1
(Ideal Data)
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Figure 3-20a. Output from Square Root Raised Cosine Filter, o = 1
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Figure 3-20c. Output of Second Harmonic Filter ( 20 Rg)

Figure 3-20. Baseband Square Root Raised Cosine Filtered Sampled Data Spectra, o = 1
(Non-Ideal Data)
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Table 3-1a. Spectrum Levels Relative to First Data Sideband (Ideal Data)

Filter Type +0R; | £+5R; | £+ 10R; | + 20 R,
dB dB dB dB
None, Unfiltered Data (Reference) 0 -35 -39 -39
Butterworth, 5® Order 0 -45 -62 - 65
Bessel, 3 Order 0 -47 - 58 -62
Raised Cosine (@ = 0.25), NRZ-L Data 0 -54 - 58 - 64
Raised Cosine (a = 0.5), NRZ-L Data 0 -52 -59 - 67
Raised Cosine (o« = 1), NRZ-L Data 0 -52 -61 - 66 I
Square Root Raised Cosine (a = 1), NRZ-L Data 0 -55 -59 - 68
Raised Cosine (« = 1), Sampled Data 0 -49 -57 -63
Square Root Raised Cosine (o« = 1), Sampled Data 0 -39 -54 -62

Table 3-1b. Spectrum Levels Relative to First Data Sideband (Non-Ideal Data)

Filter Type +O0R, | £5R, | £ 10R; | + 20 R,
dB dB dB dB
None, Unfiltered Data (Reference) 0 -25 -26 -29
Butterworth, 5* Order 0 - 47 - 61 - 69
Bessel, 3% Order 0 - 45 -54 -62
Raised Cosine (o = 0.25), NRZ-L Data 0 -53 -59 - 68
Raised Cosine (a = 0.5), NRZ-L Data 0 -52 -62 -69
Raised Cosine (a = 1), NRZ-L Data 0 -51 -63 - 70
Square Root Raised Cosine (a = 1), NRZ-L Data 0 - 53 - 66 -7
Raised Cosine Filter (a = 1), Sampled Data 0 - 43 - 54 - 60
Square Root Raised Cosine (@ = 1), Sampled Data 0 -39 -52 - 59

-
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4.0 SYSTEM CONSIDERATIONS

From Section 3 and Table 3-1b for non-ideal data, Raised Cosine and Square Root Raised Cosine
filters appear to have a distinct advantages over the other types. Not only do they exhibit a smooth
roll-off characteristic and have no discernable in-band spurious emissions, but also, the data
sideband attenuation is greater than for Butterworth or Bessel baseband filters. Thus, the issue is
one of determining whether these filter types are suitable for integration into space agencies’ space-
to-earth communications systems. This Section examines the practical application of the filters.

Two areas must be investigated to ascertain if these filters are useful in space telemetry systems.
First, the filter’s amplitude response to a random data pattern must be studied to determine its
uniformity. Second, the Inter-Symbol Interference (ISI) must be measured to ensure that the losses
are not excessive. Only if a filter provides acceptable performance in both of these areas should
it be considered for a real communications system.

4.1 Filter Amplitude Response

Space agencies commonly employ phase modulation on their space-to-earth RF links. To minimize
spacecraft telecommunications system redesign, each of the filters considered in Section 3 must be
evaluated to determine whether or not it operates properly with existing spacecraft phase
modulators. Between certain limits, a typical phase modulator in a residual carrier system will have
a linear input voltage-to-output phase relationship. Thus, a linear change in input voltage will
produce a linear change in RF phase at the output of the modulator. Generally, the linear region
lies between approximately 0.1 to 1.4 radians of output phase shift.

Suppressed carrier modulators may be different. If the modulator’s output phase is a nearly linear
function of input voltage then the suppressed carrier and residual carrier systems will operate
similarly. However, if the suppressed carrier modulator is switched (e.g., the output phase has only
two [BPSK] or four [QPSK] discrete states which are largely independent of input voltage) then
baseband filtering will not work because the output phase switches in 90 or 180 degree steps.

All filters studied in Section 3 were fed the same random NRZ-L or Sampled data. This test
consisted of a 50-bit random NRZ-L data pattern, having differing run lengths of 1s and 0s, which
was applied to each filter’s input. Note that sometimes transitions occur at every bit-time.

[Bit Pattern = 11111111110000000000101010101000100001001011111011]

Here, the objective was to measure each filter’s amplitude response to this bit pattern in order to
judge whether or not a particular filter type produced an output which was suitable for a spacecraft
communications system. The output amplitude for each filter type, resulting from the random bit
pattern, was plotted and variations in that amplitude were measured using COMDISCO in much
the same way that the attenuation provided by each baseband filter was measured (see Section 3.3).

Each filter is considered in order and plots of its output amplitude appear in Figure 4-1. Amplitude
variations were measured and are listed in Table 4-1 and represent the difference between the
maximum and minimum values obtained at each filter’s output from the random data pattern.
Variations (% and dB) are referenced to the steady state value and show the amount of data
sideband power deviation resulting from changes in data transition density. The large power
variations found in the right-most column of Table 4-1 are because low transition density data
approximates a squarewave while high transition density data is virtually a sinewave.
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The random data pattern applied to all filters appears in Figure 4-1a and serves as a reference for
subsequent filter evaluations. Ideally, a filter affects only the waveform and not the amplitude.
Changes in amplitude are translated linearly into variations in phase angle by the modulator.

Therefore, non-uniformity in input amplitude is translated into a change in data sideband pOWeET.
4.1.1 5™ Order Butterworth Filter Response

Figure 4-1b shows the amplitude response of a 5* Order Butterworth filter to the random
data pattern of Figure 4-1a. The filter’s output is characterized by an overshoot at
transitions which is probably the result of the filter’s high Order (5*). Adjustment of the
BT product may correct this overshoot. Variations between steady state (minimum) and
peak (maximum overshoot) values can be as much a 26%.

Because of the complex waveform, it is difficult to compute the precise sideband power
change as a function of transition density. However, an estimate of this power variation can
be obtained by assuming that a long run of 1s or Os (2 or more 1s or 0s) produces a
squarewave modulating signal while transitions at every bit-time, passing through a filter
with a BT product of 1.0, result in a waveform approximating a sine wave.

Using the CCSDS Link Design Control Table (DCT), the data sideband power was
computed and noted for a squarewave modulating signal assuming that the peak of the
squarewave data waveform corresponds to a modulation index of 1.2 radians. Thereafter,
the DCT was reset for sinewave modulation and a new modulation index, corresponding to
the peak of the overshoot (e.g., 1.26 x 1.2 radians = 1.51 radians), was entered. The new
data sideband power was calculated and recorded. The power change between high and low
transition density data was obtained by differencing the two computed sideband powers.
Note: this method is intended as an approximation of the total difference between steady
state high and low transition density data and is not purported to be a precise measure.

For the Butterworth filter, a power reduction of 1.4 dB for high transition density data was
computed. Even with the overshoot at transitions, the high transition density data produced
a somewhat lower transmitted sideband power because of its sinusoidal shape.

4.12 3" Order Bessel Filter Response

Figure 4.1c depicts the output from a 3™ Order Bessel filter to the random data pattern.
Here, the output is far more uniform than that of the 5* Order Butterworth filter.
Measurements made using COMDISCO show that the variation is only 1.0%. Using the
same technique described above, and assuming a 1.2 radian modulation index for the
squarewave peak, the power decrease for high transition density data is 2.5 dB.

4.1.3 Raised Cosine Filter Response (@ = 1), NRZ-L Data

Full Raised Cosine (a = 1) filters did poorly in this test (Figure 4d). Although the filter
produced excellent waveforms, when the run-length of 1s or 0s exceeded 2, the amplitude
variations for input data having transitions every bit-time are significant. COMDISCO
measurements show the peak amplitude of high transition density data to be only 62% of
the steady state amplitude. Using the same measurement method described above, and
assigning a modulation index of 1.2 radians to the squarewave peak, the transmitted data
sideband power is found to drop by 5.6 dB for high transition density data.
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Amplitude variations cause two problems. First, the received E,/N, will be a function of
data transition density. A significantly larger telemetry margin will be required for such
systems to ensure that the Bit-Error-Rate (BER) does not increase to intolerable levels
when long runs of alternating 1s and Os occur.

Second, amplitude variations probably render Raised Cosine filters, with an NRZ-L input,
useless in suppressed carrier systems. Assuming that the suppressed carrier system’s
modulator is linear and not switched (see Section 4.1), then it can be set to produce a
uniform + 90 degree peak modulation index for long runs (2 or more) of 1s or 0s.

However, when data transitions occur at each bit-time, the reduced amplitude at the filter’s
output results in a smaller modulation angle. Changing modulation angles, caused by
varying data transition densities, produce a continually shifting reference phase in the
receiver’s Costas Loop. The result is a misalignment between the received signal’s phase
and the receiver’s reference phase which manifests itself as a data detection loss.

4.1.4 Square Root Raised Cosine Filter Response (@ = 1), NRZ-L Data

Figure 4.1e shows the amplitude response for a Square Root Raised Cosine (o =1) filter.
The amplitude decline for high transition density data is far less prominent than that for a
full Raised Cosine filter but it still falls to 86% of the steady state value. Using a
modulation index of 1.2 radians for the squarewave peak value, the data sideband power
decline for high transition density data is calculated to be 3.3 dB.

4.1.5 Raised Cosine Filter Response (a =1), Sampled Data

To complete the investigation of Raised Cosine filters, output amplitude changes were
investigated using a Sampled data input. Figure 4-1f shows the filter’s output response to
a Sampled data pattern corresponding to the NRZ-L pattern in Figure 4-1a. Recall that for
Sampled data, a pulse of short duration and an amplitude of + 1 represents a "1" while an
equally short pulse with an amplitude of - 1 represents a "0".

Comparing Figures 4-1f and 4-1d reveals that Sampled data greatly reduces the amplitude
variation between high and low transition density data. Whereas an NRZ-L input causes
amplitude changes of 38%, Sampled data reduces the difference to only 6% (see Table 4-1).
Recall that the power variations in the right-most column of Table 4-1 are largely because
low transition density data approximates a squarewave while high transition density data is
virtually a sinewave having a lower RMS power than a squarewave.

In Section 4.1.3 it was concluded that the amplitude variation from a Raised Cosine filter
using an NRZ-L input was too large to make this filter type suitable in most systems,
particularly where suppressed carrier modulation is employed. Using a Sampled data input,
most of the amplitude changes disappear which may make this type of filter useable in some
applications. However, spectrum studies in Section 3, using non-ideal data, determined that
the sideband attenuation for a Raised Cosine filter with a Sampled data input was 8 dB
poorer at + 5 Ry than was the case for a Raised Cosine Filter with an NRZ-L data input.
In fact, its performance was 2 and 4 dB poorer than the Bessel and Butterworth filters
respectively making its value doubtful (see Table 3-1b).
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4.1.6 Square Root Raised Cosine Filter Response (« =1), Sampled Data

Figure 4-1g shows the amplitude response of a Square Root Raised Cosine (a« = 1) filter
to Sampled data. At first, the filter seems unusable due to the large amplitude variations
(22%) and the presence of the individual pulses comprising each bit. But note that the high
transition density data has a greater amplitude than does the low transition density data.
Applying the power measurement technique used for the other filters and recalling that low
transition density data is similar to a squarewave while high transition density data
approximates a sinewave, the data sideband power change was found to be only 1.3 dB.

Nevertheless, the issue is whether a Square Root Raised Cosine filter with a Sampled data
input is useful in a real space communications system. Returning to Table 3-1b for non-
ideal data, the sideband attenuation at + 5 R, is found to be 14 dB poorer when Sampled
data, rather than NRZ-L data, is used. Both the Butterworth and Bessel filters perform
substantially better in both sideband attenuation and uniformity of output than does a
Square Root Raised Cosine (a = 1) filter using Sampled data.

4.1.7 Summary of Filter Output Amplitude Variation Study

Amplitude variation measurements are summarized in Table 4-1 for each of the filters.
While the power changes appear to be excessive, the computational method is likely to
represent a "worst case” and most of the variation is due the squarewave to sinewave
conversion. No attempt was made to "optimize" any of the filters and doing so may improve
the amplitude uniformity. Additionally, amplitude changes become irrelevant if the data
transition density becomes constant as would be the case with Bi-¢ modulation.
Furthermore, convolutional encoding and/or data randomization will increase the data
transition density although it cannot assure a uniform density. Further study is required to
determine which filters, if any, are useful in suppressed carrier systems.

As discussed in Section 4.1.5, the amplitude changes found with Raised Cosine filters can
be substantially eliminated by employing a sampling technique. Amplitude plots for such
filters are very similar to that for a Bessel filter in which the peak amplitude is independent
of transition density.

Table 4-1. Filter Amplitude Variation to Random Data Pattern

Filter Type Maximum | Minimum | Variation Variation

Value Value % dB

5% Order Butterworth, NRZ-L + 1.26 + 1.0 21 1.4

3™ Order Bessel, NRZ-L + 1.02 + 1.01 1 25

Raised Cosine (@ = 1), NRZ-L + 1.02 + 0.63 38 5.6

Square Root Raised Cosine (o = 1), NRZ-L + 1.04 + 0.90 13 3.3

Raised Cosine (@ = 1), Sampled + 1.07 + 1.0 6 2.8

Square Root Raised Cosine (o = 1), Sampled + 1.47 + 1.15 22 1.3
44
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Figure 4-1. Filter Amplitude Responses to Random NRZ-L and Sampled Data
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4.2 Inter-Symbol Interference (ISI)

A filter may be very effective in limiting the transmitted data spectrum and yet render the
communications system useless if the Inter-Symbol Interference (ISI) is too high. As noted in
Section 4.1, inserting a baseband data filter affects the transmitted data symbol’s waveform. For
ideal data, what was once a perfect pulse (e.g., zero rise and fall times and complete data symmetry)
will begin to exhibit longer and longer data symbol rise and fall times as the baseband filter’s
bandwidth is narrowed. A well designed filter should not introduce data asymmetry but the data
symbol will begin to approximate a sinewave as the higher order harmonics are attenuated by the
filter. Eliminating the high order data harmonics is the principal reason that the bandwidth of the
transmitted data spectrum is reduced as the filtering is increased.

Some filters elongate the data symbol. When that happens, the trailing edge of one symbol begins
to overlap the leading edge of the following symbol. The interference resulting from this Inter-
Symbol Interference (ISI) produces a loss because the distinguishability of individual symbols has
been reduced. Such loss must be accounted for in the Link Design Control Table (DCT) since it
adversely affects the data channel’s capacity. For example, ISI losses occurring in the telemetry
system would be entered at line 75 of the CCSDS DCT.

Calculations of the ISI were made for each of the passive filters included in this study. As stated
above, both the Butterworth and Bessel filter’s bandwidths were set at + 1 R, and the BT product
was equal to 1.0 in order to compare the transmitted data spectra from these filters with those from
the Raised Cosine and Square Root Raised Cosine filters. Such narrow filtering most certainly
increases the ISI for those two filter types shown in Table 4-2 below. However, even with the
narrow Butterworth and Bessel filter bandwidths, the transmitted data spectra obtained with Raised
Cosine and Square Root Raised Cosine (a = 1) filters, using NRZ-L inputs, are materially better
than the former types (see Table 4-1).

NOTE: The ISI losses reported in Table 4-2 for the Butterworth and Bessel cases are for two filters
only, one at the transmit end and one matched filter at the receive end. Effects of the modulator,
multiplier, power amplifier, and other system components have not been included. Since only the
effects of the filters are being investigated, Ideal Data is used for this part of the study.

Determining the ISI for Raised Cosine and Square Root Raised Cosine filters requires an
examination of the Eye Diagrams for each of the filters. An Eye diagram is constructed by
overlaying a digital data stream, which has undergone filtering, on a single amplitude plot whose
time scale covers interval: -T < t < T. An ISI-free sample point exists where all lines, representing
the data symbols, cross one another simultaneously.

Theoretically, a pair of Raised Cosine filters (a = 1), operating in a linear communications system
with one filter at the transmitting end and the other at the receiving end, will exhibit at least one
ISI-free sample point. A pair of Square Root Raised Cosine filters, similarly located and operating
under the same conditions, will exhibit at least two ISI-free sample points.

Figures 4-2 and 4-3 are eye diagrams for Raised Cosine and Square Root Raised Cosine (« = 1)
filters using NRZ-L and Sampled data respectively. Two eye diagrams, generated with ideal data,
are presented for each case. The first represents the output of the spacecraft’s baseband filter while

the second depicts the output of a second, identical filter after the signal has passed through the
solid state power amplifier. Since modulator and multiplier nonlinearities can be controlled, they

were not included in these simulations.
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4.2.1 Raised Cosine and Square Root Raised Cosine Filter Eye Diagrams, NRZ-L Data

Figure 4-2 contains eye diagrams for Raised Cosine and Square Root Raised Cosine filters
using NRZ-L data inputs. Figure 4-2a shows the eye diagram at the data source for a
Raised Cosine (o = 1) filter output over an interval of 2T. Note the existence of a single
ISI-free sample point per symbol at 0.5T where all lines converge.

Figure 4-2b represents the output of the second Raised Cosine (« = 1) filter after the signal
has passed through the nonlinear power amplifier. Here there are no ISI-free sample
points. In fact, the comparative chaos of the diagram suggests that the nonlinearities may
introduce a substantial amount of ISI. While it has not been possible to measure the ISI
level at this writing, the diagram suggests that an alternative filtering and detection system
at the receiving end should be investigated.

Similar results were found for the Square Root Raised Cosine (a = 1) filter using NRZ-L
data. Figure 4-2c showing the baseband filter output on the data source side has two ISI-
free sample points per symbol at 0.25T and 0.75T. Conversely, Figure 4-2d depicts the
output of the second Square Root Raised Cosine (a = 1) filter after the signal has passed
through the nonlinear power amplifier. Again, no ISI-free sample points exist. However,
this diagram is less chaotic than Figure 4-2b suggesting that the ISI level may be lower for
this filter combination than is the case for the two Raised Cosine filters.

4.2.2 Raised Cosine and Square Root Raised Cosine Filter Eye Diagrams, Sampled Data

Figure 4-3 contains eye diagrams for both Raised Cosine and Square Root Raised Cosine
filters using Sampled data. As does Figure 4-2a, Figure 4-3a represents the spacecraft’s
Raised Cosine (o = 1) baseband filter output. It exhibits a single ISI-free sample point per
symbol at 0.5T. Figure 4-3b depicting the output of the second, identical Raised Cosine
filter following the power amplifier has no ISI-free sample points. However, like the
previous case, the comparative order of the diagram may suggest lower ISI levels than is the
case with the same filter receiving NRZ-L data.

Figure 4-3c shows the output of a Square Root Raised Cosine (a = 1) filter with a Sampled
data source. Like Figure 4-2c, two ISI-free points per symbol are present at 0.25T and
0.75T. However, Figure 4-3d, depicting the second Square Root Raised Cosine (a = 1)
filter’s output following power amphﬁmtmn is more chaotic than that for the Raised Cosine
filter. It is unclear, from an ISI point of view, whether Square Root Raised Cosine filters
will fair better with NRZ-L or Sampled data inputs. Further study is necessary to make this
determination as well as to compute the actual ISI levels.
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Figure 4-2. Eye Diagrams for Raised Cosine Filters (o = 1), Ideal NRZ-L Data
in a Non-Linear Channel
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Figure 4-3. Eye Diagrams for Raised Cosine Filters (o = 1), Ideal Sampled Data
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4.2.3 Summary of ISI Studies

For passive filters such as the Butterworth and Bessel types, bandwidths greater than 1 R,
will be required to achieve reasonable ISI levels. While this will increase the transmitted
frequency spectrum’s width, their simplicity and comparatively good performance makes
them candidates worth considering.

Raised Cosine and Square Root Raised Cosine filters pose more of a problem. The lack
of any ISI-Free sample points, after the signal has passed through nonlinear system
elements, makes their application questionable. However, the superior sideband attenuation
of a Square Root Raised Cosine (a = 1) filter using NRZ-L data makes it a very attractive
candidate.

Perhaps alternative filtering and sampling techniques can be found which will permit using
Square Root Raised Cosine filters while obtaining reasonable ISI levels. Further studies in
Phase 3 will be needed to determine whether or not a viable system design using Square
Root Raised Cosine filters is feasible.

TABLE 4-2: INTER SYMBOL INTERFERENCE FOR FILTER PAIRS

(Ideal Data and Components)
BASEBAND FILTER TYPE ISI@ | ISI@ | ISI@
1Ry | £2R; | £5R,
dB dB dB
Unfiltered Baseband NRZ-L Data, Reference 0 0 0
Butterworth Baseband Filter, 5* Order, NRZ-L Data - 0.85 - 0.47 -0.23
Bessel Baseband Filter, 3 Order, NRZ-L Data - 1.51 - 0.61 -0.24
Raised Cosine Baseband Filter (@ = 1), NRZ-L Data TBD TBD TBD
Square Root Raised Cosine Baseband Filter (@ = 1), NRZ-L Data TBD TBD TBD
Raised Cosine Baseband Filter (o = 1), Sampled Data TBD TBD TBD
Square Root Raised Cosine Baseband Filter (@ = 1), Sampled Data TBD TBD TBD

NOTE:
TBD ISI values for Raised Cosine and Square Root Raised Cosine filters have not been computed at this time. Further
investigation will be necessary in Phase 3 to determine their behavior in nonlinear channels and to design the optimum
filtering and detection system.
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5.0 PHASE 2 SUMMARY

This investigation of baseband filters and their effect on the transmitted telemetry data’s spectrum
shows that such filters can significantly narrow the transmitted RF bandwidth. Data sideband power
reductions from 22 - 28 dB at + 5 Ry and 29 - 41 dB at + 10 R, appear to be feasible using the
filters described in this paper. These reductions were obtained with non-ideal data and hardware
and with no effort devoted to filter optimization. With some effort, greater attenuations may be
obtainable.

At this juncture, the real issues are:

1. Can the number of spacecraft using a specific frequency band be increased if baseband
filtering is employed?

Z If the number of spacecraft using a specific frequency band can be increased, how many
more can be accommodated than would be the case if no filtering is used?

To estimate the value of baseband filtering, one can compare the number of missions with filtering
which will fit into a frequency allocation to the number fitting into the same allocation but which
do not have such filtering. This frequency band Utilization Ratio (p) is found from the relationship:

Number of Spacecraft with Filtering Accommodated in Frequency Band

Number of Spacecraft without Filtering Accommodated in Frequency Band

Finding this ratio requires making certain assumptions. Foremost among these is the acceptable
interference level from spacecraft operating on adjacent channels. Such a calculation is complicated
by the fact that each spacecraft has a unique data rate and power spectral density which affects the
frequency separation required to avoid interference. Additional frequency separation will be
needed because of each spacecraft’s Doppler frequency shifts.

However, guard-bands to provide RF isolation between several missions exhibiting differing
characteristics will be required irrespective of whether or not baseband filtering is utilized. If the
allocated frequency band is sufficiently large to accommodate many spacecraft, and the guard bands
are assumed to be small compared to the missions’ assigned [noticed] bandwidths, then the existence
of these guard bands will not have a large effect on the Utilization Ratio.

An estimate of the increased spectrum utilization can be obtained by making a few additional
simplifying assumptions:

1. All spacecraft have the same data rate with identical EIRPs and PFDs.

2. Spectra from spacecraft in adjacent channels will be permitted to overlap one
another provided that, at the frequency where the overlap occurs, the signals are at
least 50 dB below that of the main telemetry lobe (1* data sideband).

Here, the 50 dB is an arbitrary value and the reader can substitute any other desired number. Like
the frequency guard band between adjacent spacecraft, the level selected where spectral overlap is
permitted will not make a first order change in the Utilization Ratio. Only the total number of
spacecraft which can be placed in the allocated frequency band will vary.
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COMDISCO measurements were made using unfiltered ideal and non-ideal data, with the second
harmonic filter removed, to determine the frequency at which the data spectrum was 50 dB below
the main lobe. Spectra for each of the filter types in Section 3 was used to determine the frequency
at which total data power fell to 50 dB below the main data lobe. Using the two numbers, the
Utilization Ratio was computed using the relationship above. Table 5-1 summarizes the results.

TABLE 5-1. SUMMARY OF UTILIZATION RATIO IMPROVEMENT
Filter Type Ideal Ideal Data | Non-Ideal | Non-Ideal Data
Data Util. Ratio Data Util. Ratio
- 50 dB Pt. () - 50 dB Pt. ()
Unfiltered, Reference I5R, - 51 R, -
Butterworth, 5* Order 6 Ry 5.8 5.7R; 8.9
Bessel, 3™ Order 6 Ry 5.8 6 R, 8.5
Raised Cosine (a=1), NRZ-L 4.9 R, 7.1 49 R, 10.4
Sq Rt Raised Cosine (=1), NRZ-L 46R; 7.6 4.7 R, 10.8
Filter Averages, NRZ-L Data: 54R, 6.6 53R, 9.6
Raised Cosine (a=1), Sampled Data 5.6 R, 6.2 6 R, 8.5
Sq Rt Raised Cosine («=1), Samp. Data 6.8 R, 5.1 6.3 Ry 8.1
Filter Averages, Sampled Data: 6.2R, 5.6 6.2R; 83

From the averages, is clear that baseband filtering offers a significant potential for increasing the
number of spacecraft operating in a given frequency band, particularly if there is data asymmetry.
Bandwidth utilization can potentially increase from 6 to 10 times, compared to unfiltered data,
depending upon the data’s condition, baseband filter type, and data type (NRZ-L or Sampled).

The importance of this finding is best illustrated with an example. If baseband filtering is applied
in the present 90 MHz wide Category A 2 GHz band, the potential increased utilization is
equivalent to obtaining 6 to 10 additional 90 MHz wide frequency allocations in that same band.
While these ratios may represent upper bounds, it is clear that a significant increase in spectrum
utilization is potentially possible using baseband filtering, even if the ratios are only 3 or 4 to 1.
Judging by the auctions now underway in several countries, such additional frequency spectrum will
be worth a small fortune and should easily justify expenditures necessary to develop any new filters
and/or earth station equipment.

However, baseband filtering is not without problems. Amplitude variations, resulting from data
transition density changes found at the output of some of the better performing filters, may make
their use difficult with certain modulation types. These variations can be eliminated if Bi-¢
modaulation is used but the required frequency spectrum is increased. Amplitude variations
resulting from the use of baseband filters, may make their use in BPSK/NRZ, QPSK/NRZ, and
OQPSK/NRZ systems difficult or impossible, even if these systems have linear modulators. If
switched modulators are employed, baseband filtering may not be possible and RF or IF filters will
be needed. Further study is required to determine if the amplitude variations can be reduced and
to measure their effect on the performance of systems built using each of the modulation methods.
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6.0 PHASE3

Given that baseband filtering has been found to improve the frequency band Utilization Ratio, the
next step is to apply this technique to each of the modulation schemes identified in Phase 1. New
plots, similar to those used in Phase 1, showing Power Containment vs. R, will be generated for
comparison with those of Phase 1. At the conclusion of Phase 3, the modulation techniques
providing the most efficient frequency spectrum utilization should become clear and the CCSDS
and SFCG should be in a position to select preferred methods.

Baseband filter construction will also be considered in greater depth to ensure that the preferred
filters can be implemented in a real flight system. Given the apparently superior performance of
Raised Cosine filters, further study will be devoted their design, implementation, and performance
in a space data system. Compromises in filter design, needed to construct the filters for flight
applications, will also be considered.

Earth station detection of the filtered telemetry signal must be investigated to determine the effect
of filtering on the telemetry system’s performance. While some increase in spacecraft transmitter
power might be justified to obtain a significant bandwidth reduction, the extent of such a penalty
if it exists, must be computed. Accordingly, end-to-end system performance, including the Inter-
Symbol Interference and the Bit-Error-Rate (BER) as a function of E, /N, will be estimated using
either actual hardware or by COMDISCO simulation. Strawman designs for the filter, symbol
synchronizer, and data detection equipment will be needed.

53
CCSDSB20.0-Y-2 Page 1-87 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

CCSDS - SFCG EFFICIENT MODULATION METHODS STUDY
Phase 2: Spectrum Shaping

This Page is
initially left blank.

CCSDSB20.0-Y-2 Page 1-88 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

CCSDS - SFCG EFFICIENT MODULATION METHODS STUDY
Phase 2: Spectrum Shaping

REFERENCES

1. Martin, W. L. and Tien M. Nguyen, CCSDS RF and Modulation (Subpanel 1E) Study, A
Comparison of Modulation Schemes, Jet Propulsion Laboratory, Pasadena, California, 24
September 1993.

2. Otter, Manfred, 4 Comparison of QPSK, OQPSK, BPSK, and GMSK Modulation Schemes,
European Space Agency, European Space Operations Center, Darmstadt, Germany, June
1994.

3. McGregor, D. N,, et. al., Spectral Characteristics of Digital Phase Modulated Signals, National
Telecommunications Conference, November 1975.

4. Saleh, A. M., Frequency Independent and Frequency Dependent Nonlinear Models of TWT
Amplifiers, IEEE Transactions on Communications, Vol. COM-29, No. 11, November 1981.

5. Saleh, A. M., Intermodulation Analysis of FDMA Satellite Systems Employing Compensated
and Uncompensated TWTs, IEEE Transactions on Communications, Vol COM-30, No. 5,
May 1982.

6. De Gaudenzie, Riccardo QPSK, OQPSK, MSK, GMSK - A Comparative Performance
Evaluation for Space Data Transmission Applications, Consultative Committee for Space
Data Systems, Report of the Proceedings of the RF and Modulation Subpanel 1E Meeting
at the Ames Research Center, April 11-20, 1989, CCSDS 421.0-G-1, September 1989, p 25.

7. Nguyen, Tien M. and Sami M. Hinedi, Unbalanced Data Compensation Technique for
PCM/PM Receivers, NASA Tech Brief [to be published].

8. Nguyen, Tien M., A Review of Current Available Studies for the Interference Susceptibility of
Various Modulation Schemes, "Report of the Proceedings of the RF and Modulation
Subpanel 1E Meeting at the GSOC", September 20-24 1993,(Yellow Book) CCSDS B20.0-Y-

1, February 1994.

9. Lucky, R. W, J. Salz, and E. J. Walker Jr., Principles of Data Communication, New York:
Mc Graw-Hill, 1968, pp 63-65.

10. Proakis, John G., Digital Communications, 2* Edition, New York: Mc Graw-Hill, 1989, pp
528-546.

55
CCSDSB20.0-Y-2 Page 1-89 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

[This page intentionally left blank.]

CCSDSB20.0-Y-2 Page 1-90 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

SFCG Meeting SF17 - 28/D
Galveston, Texas
16-25 September 1997 Revised: 9-5-97

CCSDS - SFCG
EFFICIENT MODULATION METHODS STUDY

AT NASA/JPL

PHASE 3: END-TO-END SYSTEM PERFORMANCE

Warren L. Martin
Tsun-Yee Yan
Loc V. Lam

September 1997

CCSDSB20.0-Y-2 Page 1-91 June 2001



CCSDSB20.0-Y-2 Page 1-92

REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

EFFICIENT MODULATION METHODS STUDY AT NASA/JPL

SFCG Meeting SF17 - 28/D
Galveston, Texas
16-25 September 1997 Revised: 9-5-97

CCSDS - SFCG
EFFICIENT MODULATION METHODS STUDY

AT NASA/JPL

PHASE 3: END-TO-END SYSTEM PERFORMANCE

Warren L. Martin”
Tsun-Yee Yan~
LocV.Lam’

September 1997

* Staff Members of the Jet Propulsion Laboratory, California Institute of Technology

June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

EFFICIENT MODULATION METHODS STUDY AT NASA/JPL

SUMMARY

This report contains results from Phase 3 of the CCSDS - SFCG Efficient Modulation Methods Study
conducted at the Jet Propulsion Laboratory (JPL). Simulations were used to measure the end-to-end
performance of a telemetry data transmission and capture system for Category A missions. Included
in the document are descriptions of the simulation system (Section 2), system performance
measurements (Section 3), and the conclusions and recommendations (Section 4).

With increasing RF spectrum congestion, it is imperative that users take immediate steps to
minimize their data transmission bandwidth. This implies filtering signals prior to radiation. After
reviewing several filtering locations, JPL concluded that baseband filtering was the only practical
method. However, baseband filtering of a phase modulated signal introduces discrete components
into the RF spectra. Phase 3 study results demonstrate that a significant increase in RF spectrum
efficiency can be obtained using baseband filtering if these spectral spikes can be tolerated.

All system performance data in Section 3 are obtained by simulating a complete data transmitting
and receiving system. Bit-Error-Rate, RF Spectra, and Power Containment plots are provided. Non-
ideal data and system parameters are included in simulation models to make the results as realistic
as possible.

In addition to the traditional phase modulation methods, MSK, GMSK, and FQPSK modulation
types are investigated. FQPSK-B is a proprietary modulation technique of Dr. Kamilo Feher.
GMSK and FQPSK are significantly more bandwidth-efficient than any of the traditional phase
modulation methods and are the recommended types for high data rate systems. FQPSK and GMSK
both employ baseband filtering.

This report concludes by developing five separate mission classifications. Missions are assigned
to a class depending upon their requirements. A modulation method is recommended for each class.
Recommended modulation types are the most bandwidth-efficient feasible, given the class’s
requirements.

Readers interested solely in Phase 3 study results can skip directly to Section 4.
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1.0 INTRODUCTION

At the 12" annual meeting of the Space Frequency Coordination Group (SFCG-12), held during
November 1992 in Australia, the SFCG requested that the Consultative Committee on Space Data
Systems (CCSDS) RF and Modulation Subpanel study and compare various modulation schemes
(SFCG Action Item 12-32). Since then, representatives from the European Space Agency (ESA),
NASA'’s Goddard Space Flight Center (GSFC), NASA’s Jet Propulsion Laboratory (JPL), and New
Mexico State University (NMSU) have completed a three-phase study. This document summarizes
the results found in Phase 3 of the CCSDS-SFCG Efficient Modulation Methods Study [hereinafter
termed the Efficient Modulation Methods Study] by the JPL team.

This study was motivated by the realization that frequency bands are becoming commodities
auctioned to the highest bidder. Additionally, the number of users in bands, traditionally used by
space agencies, has burgeoned. The result has beenincreased congestion and more frequent reports
of interference. It is becoming necessary for regulatory organizations to scrutinize requests for
frequency Assignments carefully to ensure that only those systems designed to use the minimum
necessary bandwidth are granted protection or licenses. This study was intended to determine the
minimum RF bandwidth required for a space data system transmitting digital data. The Phase 3
study objective is to pack many more users in a frequency band, particularly at 2 and 8§ GHz, while
avoiding mutual interference between spacecraft operating on adjacent frequencies.

Given the existing set of frequency allocations, the potential for interference increases directly with
the data rate and the number of such missions flying. It was shown during Phases 1 and 2 that,
absent bandwidth control, spacecraft transmitting high telemetry rates require RF bandwidths many
times their data rates. Expanded frequency allocations are unlikely in the foreseeable future.
Therefore, filtering to restrict RF spectrum utilization is becoming mandatory. But, the losses
incident to such filtering and the susceptibility to interference resulting from band limiting are also
important. Phase 3 of the Efficient Modulation Methods Study seeks to minimize the transmitted
RF bandwidth while maintaining acceptable system losses and reasonable interference immunity.

While these results are generally applicable to all digital communications systems employing
the modulation types covered, this study’s emphasis was on telemetry transmissions from
Category A missions (distance < 2 x 10° km) and not on deep space (Category B) missions.

1.1 PRIOR STUDIES

Phase 1 and Phase 1b were concerned with identifying the several modulation methods commonly
used by space agencies and determining the bandwidth needed by each. The initial two papers ' -
? considered nine modulation schemes including:

® PCM/PSK/PM Square L BPSK/NRZ
® PCM/PSK/PM Sine ® BPSK/Bi-0
® PCM/PM/NRZ ® QPSK

® PCM/PM/Bi-0 ® OQPSK

® GMSK
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Phase 2 * demonstrated that an unfiltered frequency spectrum rolls off very slowly, particularly with
non-ideal data (2% Data Asymmetry, 10% Data Imbalance). Transmitting systems with asymmetric
data and non linear elements (modulators, multipliers, and power amplifiers) distort the signal,
exacerbating the problem. Such systems produce a transmitted RF spectrum with significant energy
at frequencies many multiples of the data rate (Ry) from the center frequency.

Phase 2 considered the benefits of baseband filtering prior to transmission. Several alternative filter
types and locations were considered and the results compared using PCM/PM/NRZ modulation.
It was noted that post Power Amplifier (PA) filtering was theoretically the most effective method
for limiting unwanted emissions in the RF spectrum. However, such filters suffer from the
disadvantages of substantial weight, transmitter power loss, and comparatively high cost. These
disadvantages result in a reluctance by flight projects to limit their RF bandwidth requirements.
Moreover, post PA filters have to be tailored to the telemetry data rate and the RF frequency of each
mission. Similar faults were found with filters placed at some intermediate frequency (i.f.).

Phase 2 concluded * that baseband filtering produced the best compromise between simplicity,
flexibility, weight, and cost. Four filter types were investigated using PCM/PM/NRZ modulation:
Butterworth, Bessel, Raised Cosine, and Square Root Raised Cosine. Raised Cosine filters were
discarded because their output amplitude varied the data’s transition density. The remaining filter
types survived and were tested again in Phase 3. Square Root Raised Cosine filters produced the
best roll-off in the RF spectrum, when compared to the unfiltered case, although both Butterworth
and Bessel filters provided reasonable attenuation. It was shown that spectrum shaping, in
combination with a bandwidth-efficient modulation type, had the potential for increasing frequency
band utilization by several times.

1.2 PHASE 3 OBJECTIVES

Phase 3 is concerned with the space data system’send-to-end performance. Modulation methods
and filtering, which significantly reduce RF spectrum requirements, are of little value if captured
data contain so many errors that it becomes unusable. Here, the objective is to develop guidelines
for digital data transmission/receiving systems producing the minimum RF spectrum width while
having reasonable end-to-end losses.

1.3 PHASE 3 SCOPE OF WORK

Phase 3 studies examine modulation types currently used or planned by the international space
agencies. It is constrained to minimize changes to transmitting and receiving equipment. Such
restrictions undoubtedly limit the performance obtained to sub-optimal. However, the large
investment which space agencies have in their current data systems dictates a slow and orderly
transition to more sophisticated techniques.

This Phase 3 Study Explores the Feasibility of Baseband Filtering Only.
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1.4 PHASE 3 MODULATION TYPES

Phase 2 examined modulation methods currently used or planned by the CCSDS Space Agencies.
Except for PCM/PSK/PM Sine and PCM/PSK/PM Square, all modulation types studied in Phase
2 are retained in this Phase 3 study. The two subcarrier modulation types were dropped because
they were not found to be bandwidth-efficient unless the Subcarrier-to-Symbol-Rate ratio was kept
at a value of 4 or lower. Frequently, space agencies have used higher Subcarrier-to-Symbol-Rate
ratios, some of which exceed a value of 200! Table 1.4-1 lists the Phase 3 modulation types.

Table 1.4-1: Phase 3 Modulation Types

Modulation Name | Modulation Type Filter Types Used
PCM/PM/NRZ Phase Butterworth, Bessel, Square Root Raised Cosine
PCM/PM/Bi-( Phase Butterworth, Bessel, Square Root Raised Cosine

BPSK/NRZ Phase Butterworth, Bessel, Square Root Raised Cosine
BPSK/Bi-( Phase Butterworth, Bessel, Square Root Raised Cosine
QPSK Phase Butterworth, Bessel, Square Root Raised Cosine
OQPSK Phase Butterworth, Bessel, Square Root Raised Cosine

MSK Frequency 2 Sinewave Pulse Shaping

GMSK Frequency 2 Gaussian Pulse Shaping
8-PSK Phase Butterworth, Bessel, Square Root Raised Cosine

FQPSK-B Phase ' Proprietary Design
NOTES:
1. Non-Constant Envelope 2. Continuous Phase Modulation

1.5 PHASE 3 STUDY APPROACH

Phase 3 examines the performance of the modulation methods listed in Table 1.4-1 when combined
with alternative baseband filtering techniques. Performance was evaluated by measuring the
increase in E; / N, required to maintain the data Bit-Error-Rate (BER) at a constant level. Most
international space agency missions now adhere to CCSDS Recommendations for Space Data
System Standards (Blue Books). This implies a packetized format which must operate at very low
BERs (BER < 1x 10°°). Such low BERSs require error detecting-correcting codes operating at very
low symbol energies. When the received signal’s Eg / N, falls too low and the Symbol-Error-Rate
(SER)rises, the decoder may be incapable of correcting errors resulting in deleted telemetry frames.

For the CCSDS recommended code (convolutional: R = %, k = 7; concatenated with a Reed-
Solomon 223/255 block code) the required SER lies between 1 x 102 and 1 x 10~. Therefore, the
criterion applied to Phase 3 is that of the SER < 1 x 10~ which results in a BER < 1 x 10”7 when
using CCSDS recommended concatenated coding. Phase 3 studies made use of uncoded data.
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Phase 3 involved the following steps for the several modulation methods and filter types:

Determining which transmit system characteristics affect the RF spectrum
Optimizing each baseband filter’s bandwidth

Measuring the transmitted RF spectrum’s width at several levels

Quantifying end-to-end system losses

Calculating the increased RF spectrum utilization

Evaluating modulation types according to interference susceptibility

Recommending modulation methods and filtering standards to both CCSDS and SFCG

1.5.1 Simulated Measurements

Constructing a real hardware system to make the necessary measurements was too time consuming,
expensive, and beyond the scope of this Phase 3 study. As in phase 2, all measurements were made
using simulations. FQPSK-B simulations received a cursory hardware validation test.

1.5.2 Evaluation Criteria

Phase 3 searched for those modulation methods and baseband filter combinations providing the
narrowest RF spectrum width with acceptable end-to-end losses. Improving the RF bandwidth
efficiency of high data rate systems provides the maximum return-on-investment. Therefore, all
recommended systems had to be capable of operating at high to very high digital data rates.
Moreover, the recommended systems were required to be compatible with existing spacecraft
transmitters and earth station receivers.

Evaluation involved studying BER vs E;; / N plots to select a filter bandwidth as narrow as possible
while introducing acceptable Filtering Losses (Inter-Symbol Interference [ISI] and Mismatch).
Spectra were plotted for the selected filters to assess the improvement in bandwidth efficiency.
Finally, Power Containment curves were generated to show occupied bandwidth.

1.6 REPORT ORGANIZATION

This CCSDS - SFCG Efficient Modulation Methods Study Phase 3 report is divided into four
sections. Following these introductory remarks, Section 2 describes the simulation system used to
make end-to-end performance measurements. Section 2 also discusses filter location selection and
filter bandwidth optimization. Section 3 contains study results. Bit-Error-Rate (BER) curves, RF
spectrum, and Power Containment plots are presented for each modulation type. Section 3 contains
the data needed for the conclusions found in Section 4. Section 4 summarizes this study and sets
forth both conclusions and recommendations. Persons interested only in the Phase 3 study results
need only read Section 4.
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2.0 SYSTEM CONFIGURATION

Efficient Modulation Methods Study, Phases 1 and 2 (References 1, 2, and 3), provided several
important system configuration results including:

® Subcarrier modulation should be avoided whenever possible.

® Non-ideal data and transmitting system components materially affect the RF spectrum.
® Baseband filtering tends to reduce the detrimental effects of asymmetrical data waveforms.
® Baseband filtering can significantly reduce the transmitted RF spectrum’s width.

® Raised cosine baseband filters are not useful with an NRZ digital data source.

® Amplitude modulation is detrimental to the phase modulated RF spectrum’s width.
These findings are incorporated in the Phase 3 study. While the Phase 3 transmitting system’s block
diagram is similar to that in Phase 2, there are significant differences. Additionally, a receiving
system was added to complete the end-to-end evaluation. Figure 2.1-1 is a system block diagram.
This section summarizes the simulator’s and communications system’s characteristics.

FILTER LOSS
COMP
T SPECTRUM
\ MEASUREMENTS

Y

ESA
DATA BASEBAND 4>®—> NONLINEAR |~ SOLID STATELA_|  ARXII
SOURCE FILTER MODULATOR (SSPA) RECEIVER

BIT-ERROR-RATE
ATSC-285 MEASUREMENTS

Figure 2.1-1: Simulated System Block Diagram

2.1 SIMULATION SYSTEM

All Phase 3 measurements were made by simulation using Cadence Design Systems Inc. Signal
Processing Work system (SPW) running on a Sun Ultra Spark 2, 4-processor, workstation. A study
was undertaken to optimize the simulator’s operating parameters and a Fast Fourrier Transform
(FFT) bin size of 1 Hz was selected. The corresponding resolution bandwidth is 1.33 Hz. All
spectra contained in this study are plotted at that resolution.

As in Phase 2, the frequency scale is specified in units of baseband data rate, R;. Ry corresponds
to the frequency span, f;, between RF spectrum nulls resulting from the data bit period, Ty. Thus,

Js = Ry = T; where: T, is the Data Symbol's Bit Period. 2-1
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Ry, rather than the Ry, is used to permit easy comparison of the bandwidths required by the several
modulation types. No error-detecting error-correcting coding is used in this study so R = Rq.
When comparing spectrum plots for PCM/PM/NRZ and PCM/PM/Bi-¢ modulation using the same
data rate, the latter requires approximately twice the spectrum width of the former. This is so
because a Bi-¢ modulating waveform is created by the modulo-2 addition of a baseband NRZ
digital data stream with a synchronous double frequency square wave signal. Thus, each baseband
data bit comprises both a +1 and -1 symbol, doubling the rate.

Signal amplitude (power) is measured in dB relative to the data sideband’s peak. Modulation types
are normalized with respect to the peak data sideband power irrespective of whether they are
residual or suppressed carrier systems. Since the required spectral width is determined entirely by
the modulation sidebands, the spectrum efficiency of a modulation-filter combination can be
determined by measuring sideband power as a function of R;. Spectrum plots label the carrier
frequency f. as Ry =0.

2.1.1 Data Source

The Data Source is capable of generating eitherNon-Return-to-Zero (NRZ) or Bi-Phase (Bi-0 ) data
formats. The latter format is often termed Manchester coding. Only the NRZ data format was used
during Phase 2 to facilitate a simple comparison of baseband filter types. In Phase 3, both types of
data formats are employed.

Except for the reference case (Section 3.1) employing both ideal and non-ideal data, all system
performance evaluations were made using non-ideal data. In Phase 2, non-ideal data meant:

Data Asymmetry (ratio duration of +1 to duration of -1) =+ 2%
Data Imbalance (difference of "+1s" to "-1s", mark-to-space) = 10%

These values represented the maximum deviations from ideal data which technical studies,
undertaken by the CCSDS RF and Modulation Subpanel (Subpanel 1E), show should be permitted.
They are independent of the duration of the asymmetry or imbalance.

A new modulator was developed for the Phase 3 study. Termed the Universal Phase Modulator
(UPM)), this device embodies a Digital-to-Analog (D/A) converter at its input. The D/A converter
contains a 3-bit register to hold the telemetry data. Data is clocked into the register at uniform
intervals. Re-clocking at the modulator’s input removes Data Asymmetry introduced by the stray
capacitance and inductance in lines connecting the spacecraft’s data system to the modulator.
Therefore, the Phase 3 study used the following data characteristics.

e Data Asymmetry (ratio duration of +1 to duration of -1) =+ 0%

e Data Imbalance (difference of "+1s" to "-1s", mark-to-space) = 10%
e For this study the Probability of a Mark (P,) = 0.55
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2.1.2 Filtering

Phase 2 demonstrated that significant RF spectrum limiting was obtained using baseband filtering.
Except for the Raised Cosine filter whose output amplitude decreased at high transition densities,
Phase 3 filter types are identical to those used in Phase 2. Raised Cosine filters were excluded from
the Phase 3 study.

During Phase 2, alternative filter locations were considered. These locations included:

e Filtering After Power Amplification (post PA filtering)
e Filtering at a Transponder Intermediate Frequency (i.f.)
e Filtering at Baseband

2.1.21 Filtering After Power Amplification

Post Power Amplifier (PA) filtering is very attractive to Spectrum Managers because all
unwanted emissions, which are outside the filters passband, will be eliminated. Theoretically,
this filter location provides maximum control over emissions. However, it would be difficult for
post PA filtering to improve the RF spectrum utilization efficiency of most space missions.

Experts state that either stripline or waveguide bandpass filters are generally used in microwave
applications. For reasonable insertion losses (£ 6 dB), such filters are constrained to bandwidths
ranging from 1.5% - 2% of the transmitted frequency. For stripline filters, this corresponds to
a Loaded Q (Q,) of 50 - 70. Available materials limit the Unloaded Q (Q,) to values of about
250 resulting in insertion losses on the order of 6 dB! Additional small losses result from
filtering modulation sidebands beyond the filter’s passband. Similar values of Q are obtainable
with waveguide filters. While this filter type can have a somewhat lower insertion loss, they tend
to be very large and heavy.

Assuming the best case, Q; = 70 and a transmitting frequency of 2250 MHZ, the narrowest
practicable filter bandwidth would be 32 MHZ! With convolutionally encoded data, BPSK/NRZ
modulation, and a filter whose symbol Bandwidth - Time product (BT ), is 2; the minimum
usable data rate is 4 Mb/s (8 Mb/s if data is not convolutionally encoded). The vast majority of
Category A missions which could benefit from filtering have far lower data rates.

JPL personnel concluded that post PA filtering cannot significantly increase the number of
Category A missions operating in a frequency band and this study did not include that
filtering option.

2.1.2.2 Filtering at a Transponder Intermediate Frequency (i.f.)
Filtering at i.f. is attractive because the filter operates at low power levels, does not reduce
transmitted RF power, can be small and lightweight, and does not introduce the spectral spikes

inherent in baseband phase domain filtering. However, the feasibility of this option depends
upon the transponder’s design.
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The transponder for JPL’s Cassini mission modulates at the RF transmitting frequency (i.e., 8.4
GHz); therefore, the remarks concerning Q; set forth in Section 2.1.2.1 above apply and i.f.
filtering is impractical. Ifa transponder modulates at lower frequencies and translates the signal
to the RF frequency, then some filtering may be possible.

For i.f. frequencies in the 100 MHZ range, Surface Acoustic Wave (SAW) filters provide good
performance. Ifa Q, =100 is achievable with a BTy =2 and the i.f. frequency is only 100 MHZ,
then the minimum filter bandpass will be 1 MHZ corresponding to an uncoded symbol rate of
250 ks/s. This is probably a sufficiently low data rate if it was the only impediment.

Effective spectrum management requires that the i.f. filter’s bandwidth be adjusted to each
mission’s maximum telemetry data rate. JPL has found that transponder modifications are very
expensive and may introduce performance problems. Transponders must be thoroughly tested
to ensure that spurs and leakage are controlled and well understood. Failure to do so can result
in lockup, with the result that all communication to the spacecraft becomes impossible.
Modifying an 1.f. filter for a new data rate may require full retesting of the transponder.

There is one additional constraint. Many space missions utilize turnaround ranging having code
rates higher than the telemetry data rate. In such cases, i.f. filtering requires that the bandwidth
be adjusted to the wider bandwidth signal, even if it is only present for a small fraction of the
time. This was deemed undesirable from implementation and spectrum management viewpoints.

For all of these reasons, i.f. filtering was not found to significantly increase the number of
Category A missions operating in a frequency band and this study does not include an i.f.
filtering option.

2.1.2.3 Filtering at Baseband

JPL’s Efficient Modulation Methods Study was limited to this option. Baseband filtering is
attractive because the filters operate at low power, are lightweight, do not reduce transmitted RF
power, and are small and simple (lowpass rather than a bandpass). Moreover, since they precede
the phase modulation process, a second input bypassing the filter can be provided for the
turnaround ranging signal.

Baseband filtering of phase modulated signals suffers from the disadvantage of introducing
spikes into the RF spectrum. These spikes are clearly evident in the spectra found in Section 3
of this report. Pre-distorting the modulation waveform can reduce the spike amplitude near f;
however, their complete elimination requires use of an alternative modulation method such as
Continuous Phase Modulation (CPM) or FQPSK.

Despite this limitation we have concluded that baseband filtering is the only practical
method to limit the transmitted RF spectrum for the purpose of improving bandwidth
efficiency. The remainder of'this report discusses the performance of baseband filtered systems.
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2.1.24 Baseband Filter Optimization

During Phase 2, no attempt was made to optimize the baseband filters for phase modulated
signals. With a BTy = 1, the Butterworth and Bessel filters essentially limited the PCM data to
its fundamental frequency component (e.g., the rectangular waveform becomes sinusoidal in
appearance). Such bandwidth restriction is likely to result in unacceptable losses.

Phase 3 included a separate study to optimize filter bandwidth. This investigation measured RF
spectrum width, system performance, and system losses as a function of each filter type’s BT
product. The following parameters were measured:
Inter-Symbol Interference (ISI) + Mismatch Losses
e Bit-Error-Rate (BER) vs Bit [Symbol] Signal-to-Noise Ratio (SNR)
e Transmitted RF Spectrum Width
Table 2.2-1 summarizes the findings of the baseband filter study.

Table 2.2-1: Optimized Baseband Filter Characteristics

Filter Type Characteristics ISI + Mismatch Losses'
(dB)
Butterworth 3-Pole; BT, =2 02-1.3
Bessel 3-Pole; BT =2 0.1-1.0
Square Root Raised Cosine 2000 Taps; o0 = 1.0; 04-0.8
NRZ
NOTES:
1. Inter-symbol interference + mismatch losses for the phase modulation types in Table 1.4-1.

Losses evaluated at BER =1 x 107,

Phase 2 studies disclosed that baseband filters materially improve the RF spectrum of an
asymmetrical baseband modulating waveform. That is not surprising because elimination of
higher order harmonics should reduce RF spectrum’s width. To a great extent, baseband filters
will correct data asymmetry likely to occur in high data rate systems where re-clocking of the
data at the modulator’s input is not possible.

Baseband filtering introduces losses from Inter-Symbol Interference (ISI) and lack of an
equivalent filter in the receiver (Mismatch Losses). There are additional system losses resulting
from imperfect carrier tracking and symbol synchronization. Termed Filtering Losses these
components are tabulated in Table 4.1-1.
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2.1.2.5 Spectral Spikes

Spectral spikes are an inherent result of a filtered waveform which is phase modulated on an RF
carrier.’ Spikes were evident in all filtered, phase modulated spectra contained in the Efficient
Modulation Methods Study, Phase 2, report. Spikes can be eliminated by removing the baseband
filter, relocating the filter following phase modulation or power amplification, or by selecting a
new modulation type such as Continuous Phase Modulation (CPM) or FQPSK. Pre-distorting
the modulating waveform can reduce, but not eliminate, spikes close to the center frequency.

2.1.3 Modulator Design

Phase Modulation (PM) is commonly used by the CCSDS Space Agencies for communication with
spacecraft. While Frequency Shift Keying (FSK)and Amplitude Modulation (AM) have been used
in the past, most of these spacecraft using these older methods are no longer in use. Therefore,
neither of these types are considered in thisstudy. Continuous Phase Modulation (CPM) techniques
appear to offer some advantages in spectrum efficiency and have been examined as part of this
study.

Phase modulators have proven a serious source of difficulty throughout the Efficient Modulation
Methods Study because of their profound effect upon the width of the transmitted RF spectrum. A
study was conducted to measure the extent of these effects.

Modulators containing non-linearities and amplitude modulation can materially increase RF
spectrum’s width. Every effort was made during the Phase 3 study to ensure that the simulation
results accurately reflect the performance of real hardware. In furtherance of that objective, non-
ideal data and component hardware models were used. Nevertheless, during Phase 3 when it was
discovered that a hardware element’s performance could be improved with only a simple change,
that modification was incorporated.

The phase modulator is an example. Early in Phase 3, the modulator’s simulation model was
adopted from the Cassini mission’s development program. The model accurately reflects Cassini
modulator’s real performance. Because Cassini’s telecommunications link employs a residual
carrier, its modulator operates over a comparatively restricted range. It does not need to maintain
perfect phase shift vs. input voltage linearity above approximately = 80 degrees. Additionally,
amplitude variations beyond + 80 degrees are also unimportant. For other modulation types, both
non-linearities can significantly affect the RF spectrum.

2.1.3.1 Universal Phase Modulator

A simple modification to the Cassini modulator substantially eliminates both amplitude and
phase non-linearities permitting the modulator to be used in QPSK and 8-PSK applications.
Rather than modulating at a transmit frequency f; = 8.4 GHz, the modulator operates at f;/2 =
4.2 GHz and is followed by a x 2 multiplier. The latter multiplies both the frequency and phase
shift by 2 times providing the correct transmitting frequency and permitting the modulator to
operate in its linear region. A block diagram of this Universal Phase Modulator (UPM) appears
in Figure 2.1-2. The modulator is termed Universal because it can generate all phase modulation
types, save OQPSK, listed in Table 1.4-1. It was used for all spectra in Section 3.
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Figure 2.1-2: Universal Phase Modulator in Transmitting System

In Figure 2.1-2, the Universal Phase Modulator consists of the Cassini modulator and the
associated analog-to-digital converter, baseband filter, summer, and x 2 multiplier. Baseband
filtering is accomplished in the phase domain resulting in a constant envelope modulation.

The UPM s characteristics appear in Figure 2.1-3. It shows the UPM s phase shift to be quite
linear with input voltage. Amplitude variation is about + 0.4 dB and is slightly smaller if a
frequency multiplier, rather than a squaring circuit, is used for frequency doubling.
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Figure 2.1-3: Universal Phase Modulator Characteristics
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2.1.4 Power Amplifier

The power amplifier remains unchanged from that used in the Phase 2 study. Because of spectrum
congestion and RF signal levels, the Efficient Modulation Methods Study is principally applicable
to Category A missions (spacecraft whose distance from Earth is < 2 x 10 ® km). Category A
missions typically employ Solid State Power Amplifiers (SSPAs). The simulation model embodied
the characteristics of the European Space Agency’s SSPA.

2.1.5 ARXII Receiver

A receiver is required to complete the communications system. The ARX II was developed by
JPL’s Communications Systems and Research Section. It was the research and development
prototype for the Block V receiver now widely deployed throughout the Deep Space Network
(DSN).

Many simulations were run throughout the development cycle of the ARX II. The ARX II
simulation model, developed and verified by comparing simulation results to actual receiver
measurements, has been used for this Phase 3 study.

By design, the ARX II can handle most of the modulation types shown in Table 1.4-1. Some
modifications to the simulator model were required to handle 8-PSK. Since the actual hardware
does not currently embody these features, the simulator’s performance could not be verified by
hardware tests. Figure 2.1-4 shows squaring circuits added to the ARX II receiver model which
were necessary to handle 8-PSK modulation.

2.1.5.1 Symbol Synchronizer

The ARX Il receiver includes asymbol synchronizer utilizing a Digital Transition Tracking Loop
(DTTL). DTTL synchronizers are commonly used by space agencies. Unfortunately, the design
suffers from three disadvantages. First, its performance deteriorates below an Eg/ N, of -7 dB.
Second, it has difficulty in obtaining and maintaining symbol synchronization at low symbol
transition densities. Third, it does not support modulation types such as 8-PSK, MSK, GMSK,
and FQPSK. For this Phase 3 study, it was necessaryto employ a different type of device known
as a Maximum A Posteriori (MAP) symbol synchronizer.

Preliminary studies show that MAP symbol synchronizers overcome many of the problems found
with DTTL devices. Good performance can be obtained down to an Eg / N, = -10 dB.
Synchronization can be maintained, even at low symbol transition densities. Finally, MAP
synchronizers can handle MSK, GMSK, an FQPSK signals, as well as those generated by the
traditional phase modulation schemes.

A MAP synchronizer was implemented in the SPW simulator for the MSK, GMSK, and FQPSK-
B studies. No actual hardware for such a device exists at JPL. Therefore, the SPW model
assumed ideal performance (i.e., perfect synchronization). This assumption made it impossible
to quantify all of the losses forthe phase modulated systems, summarized in Table 4.1-1. Further
development of MAP synchronizers is recommended to determine their performance.
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Figure 2.1-4: ARX II Receiver Modifications

2.2 MSK, GMSK, AND FQPSK-B MODULATION SIMULATIONS

Even as modified, the ARX Il receiver can not accommodate Continuous Phase Modulation (MSK
and GMSK) nor the new Feher QPSK (FQPSK) modulation. Because preliminary studies showed
these modulation methods to be very bandwidth-efficient, it was important that they be included in
Phase 3 of the Efficient Modulation Methods Study.

Phase 3 studies of MSK, GMSK, and FQPSK-B were accomplished assuming an ideal modulator
and receiver. The ESA power amplifier described in Section 2.1.4 was used and both system losses
and spectra are computed with this non-linear element. However, losses due to modulator non-
linearities and imperfect carrier tracking and symbol synchronization are not included.
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3.0 SIMULATION RESULTS

A principal Phase 3 study objective was the identification of modulation types having minimal RF
spectrum width, reasonable end-to-end losses, and maximum interference immunity. Space
missions have differing goals resulting in differing constraints and requirements. CCSDS Subpanel
1E has long suspected that there is not one best modulation type for all missions. Rather, there is
likely to be a preferred modulation type for each mission type.

The key is to establish a set of mission categories into which missions having similar characteristics
can be assigned. Each category can be examined to determine the best one or two modulation
methods for that set. Clearly, the number of separate categories should be the minimum possible.
Mission categories and recommended modulation methods are more fully examined in Section 4.3.

This Section contains the results of the Phase 3 Efficient Modulation Methods Study conducted at
JPL. Following establishment of a Reference Case, each modulation method is compared. First,
the baseband filter’s bandwidth is selected using Bit-Error-Rate (BER) performance curves
representing the end-to-end system performance. Second, RF spectra, generated using the selected
baseband filter, are examined to find bandwidth efficiency and unwanted emissions. Finally, power
containment curves are provided to find the occupied bandwidth and to easily compare relative
bandwidth efficiencies.

3.1 REFERENCE MODULATION

Determination of bandwidth efficiency requires a comparative reference. In the Phase 2 study,
PCM/PM/NRZ was used because it is a residual carrier modulation providing a com pact RF
spectrum. However, PCM/PM/NRZ modulation suffers from certain disadvantages discussed below
and its selection was always controversial. Therefore, the generally accepted BPSK/NRZ was
adopted as the reference modulation type for this Phase 3 study.

All spectrum plots in Section 3 have a resolution bandwidth of 1.33 Hz. Figure 3.1-1 shows
unfiltered BPSK/NRZ spectra using a Cassini modulator and non-ideal data. Figure 3.1-1a
incorporates a 10% data imbalance (difference in +1s and -1s) and Figure 3.1-1b adds a 2% data
asymmetry (duration of +1 compared to duration of-1) to the 10% data imbalance. Data asymmetry
produces spikes substantially increasing the spectrum’s width. Spectra are plotted over a frequency
interval, f. £ 250 R, making amplitudes beyond this span indeterminate. Table 3.1-1 summarizes
the reference case measurements.

Figure 3.1-1 and Table 3.1-1 clearly demonstrate that unfiltered digital data transmission methods
are unacceptable, particularly where there is data asymmetry. Data asymmetry (Figure 3.1-1b)
introduces spikes into the RF spectrum at multiple + Ry, intervals increasing the level of Unwanted
Emissions by 15-18 dB. Nulls in the discrete spectrum occur at:

Ry /M =Ry/0.02=50R,
where: 1] = data asymmetry
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Figure 3.1-1: Unfiltered BPSK/NRZ Reference Modulation Spectra with Non-Ideal Data
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Table 3.1-1: Summary of Reference Modulation Measurements

Data Imbalance Only (Figure 3-1a) Data Imbalance and Asymmetry (Figure 3-
1b)
dB Below Spectrum Width dB Below Spectrum Width
Sideband Peak Ry Sideband Peak Ry

-20 +3.6 Ry -20 + 19.1 Ry
-30 + 11.6 Ry -30 +40.1 Ry
-40 + 74.8 Ry -40 >+250 Ry
-50 + 130.5 Ry -50 >+250 Ry
-60 >>+ 250 Ry -60 >>+ 250 Ry

All modulation methods discussed below, are measured with respect to the unfiltered BPSK/NRZ
reference case and the results are summarized in Table 4.1-2. Additionally, each modulation type
also includes an unfiltered (i.e., BT = o) spectrum on the same figure for reference purposes. Note:
Unfiltered spectra, found on the figures for each modulation method, is for the same modulation
method under discussion and not the BPSK/NRZ reference case.

Because the Universal Phase Modulatorls sample-and-hold and baseband filter substantially remove
all data asymmetry, comparisons to BPSK/NRZ are made with Figure 3-1a (i.e., N = 0). This
represents a worst case since spectra with spikes due to filtering are being compared to spectra
without spikes resulting from data asymmetry.

All spectrum plots and bandwidth measurements are stated in terms of R;. This normalized
parameter is described in Section 2.1 (equation 2-1) and represents the frequency span occupied
by one sidelobe of the modulating signal. Readers can easily convert Section 3 measurements to
their desired data rate by multiplying their data rate by the value of R.

For example, sidebands of unfiltered BPSK/NRZ modulation, with a 10% data imbalance and a 2%
data asymmetry, are 20 dB below the peak at + 19.1 Ry (Table 3.1-1). If the modulating data rate
is 10 ks/s, then the sidebands will be 20 dB below the peak amplitude at + 191 kHz away from the
center frequency.

All spectra are plotted using a resolution bandwidth of 1.33 Hz. This was the narrowest feasible
simulation bandwidth using SPW. It is sufficiently close to 1 Hz so that the continuous and discrete
portions of spectra are depicted with the proper relationship to one another. Readers can easily
adapt these separate parts of the spectrum for any desired bandwidth by adjusting the continuous
portion by the ratio of the new bandwidth to 1 Hz.
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3.2 PCM/PM/NRZMODULATION

Phase modulation techniques are subdivided into two categories: residual carrier and suppressed
carrier. The distinction lies in the presence (residual) or absence (suppressed) of an RF carrier
component. Traditionally, space agencies employed the former. However, as data rates have
increased and Power Flux Density (PFD) became a problem for Earth orbiting spacecraft, many
mission designers began using suppressed carrier modulation. For this Phase 3 study, the residual
carrier modulation index was 1.2 radians (peak).

Nevertheless, residual carrier systems are still widely used, particularly where simultaneous
telemetry and ranging data capture is required. Unbalanced QPSK (UQPSK) is occasionally used
in suppressed carrier applications requiring simultaneous telemetry and ranging. However, absent
a low rate data type or a realtime reallocation of power, the UQPSK quadrature channel may not be
used effectively when ranging is turned off.

Although care must be taken to control data imbalance, PCM/PM/NRZ modulation provides the
narrowest RF spectrum of the residual carrier types tested. High levels of data imbalance can result
in large end-to-end system losses making this modulation type unsuitable in applications having low
telemetry performance margins. Generally, convolutional encoding ensures a sufficient symbol
transition density to keep losses at an acceptable level.

PCM/PM/NRZ modulation has been used successfully on NASA’s Polar spacecraft and is under
consideration for some future missions. Where a remnant carrier is required and convolutional
coding is employed, this modulation type deserves serious consideration.

3.2.1 PCM/PM/NRZ Modulation Bit-Error-Rate (BER)

End-to-end system performance measurements were a principal Phase 3 study objective. The best,
most compact, RF spectrum is of little value if the Earth station’s receiver cannot capture the
telemetry signal. BER vs E; / N, plots were created for Butterworth, Bessel, and Square Root
Raised Cosine (SRRC) filters. Curves representing Symbol Bandwidth - Time (BT ) values of 1,
2, and 3 were plotted for the two passive (Butterworth and Bessel) filter types. BER vs E; / N, plots
for SRRC filters included a single value ot= 1 curve.

Figure 3.2-1 contains plots for the three filter types. Inspecting these curves at BER =1 x 107,
shows BT values of 2 and 3 to be almost identical. Conversely, losses for BTg = 1 are greater
increasing the required E; / N,. Applying the criteria set forth in Section 1.5.2, a value of BT =2
was selected for Butterworth and Bessel filters. Note that loss increases from BT = ocoto BT =2
or 3 are insignificant. System losses and its components are summarized in Table 4.1-1.

System losses can be found by subtracting the E; / N, value for Ideal PCM/PM/NRZ from the
corresponding E, / N, value fora BTg=2 or 3 ata BER = 1 x 10~. Each plot also contains an ideal
BPSK/NRZ modulation curve for reference purposes. To a first order, system losses for all three
filter types appear to be about the same. Thus, the selection of the best filter depends upon its
complexity and the resulting spectrum.
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Figure 3.2-1: PCM/PM/NRZ Modulation Bit-Error-Rate
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3.2.2 PCM/PM /NRZ Modulation Spectra

Figure 3.2-2 shows PCM/PM/NRZ spectra, measured at the SSPA’s output, for span bandwidths
of 20 R (Fine Detail) and 500 R (Broadband Spectra). Four filter cases appear for each of the
modulation types evaluated in Phase 3 representing an unfiltered reference and three baseband
filtered cases. The topmost, yellow (or light grey) curve always represents the unfiltered (i.e., BTy
= o) case of the modulation type under evaluation. It is placed there for comparative purposes.

Because M = 0 for the unfiltered case, no spikes appear in the spectrum. However, filtering
introduces RF spectrum spikes at Ry intervals (Figure 3.2-2a). Note that the amplitude of the spikes
drops below that for the unfiltered spectrum at £ 7 Ry, = 6 Ry, and = 3 R for the Bessel,
Butterworth, and Square Root Raised Cosine filtered cases respectively. The net result of baseband
filtering is to widen the spectrum close to the center frequency while significantly restricting its
width at larger values of R;. This effect is clearly evident in Figure 3.2-2b.

Figure 3.2-2b also demonstrates that Butterworth and Square Root Raised Cosine baseband filters
are considerably more effective in restricting the RF spectrum’s width than is a Bessel baseband
filter. Because of its simplicity, the Butterworth filter (BT = 2) appears to be the best choice for
baseband filtering.

3.2.3 PCM/PM /NRZ Modulation Power Containment

Figure 3.2-3 depicts the one-sided bandwidth of a PCM/PM/NRZ signal. Modulation on an RF
carrier doubles the one-sided bandwidth. Using a Butterworth BT = 2 filter, the occupied
bandwidth is about + 2 R (4 Ry total spectrum width).

Table 4.1-2 contains the two-sided bandwidth as measured using SPW. 8.2 R; are needed to be 20
dB below the data sideband’s peak amplitude. The 4 Ry difference between occupied bandwidth
and the -20 dB point in Table 4.1-2 results from spikes due to baseband filtering. In Table 4.1-2,
no spectral components exceed -20 dB beyond a bandwidth of 8.2 R;. However, the power
contained in the spikes is vanishingly small. Thus, for filtered phase modulated signals, the power
containment bandwidth will be substantially smaller than that required for an equivalent sideband
attenuation.

3.24 PCM/PM/NRZ Modulation Study Conclusions

PCM/PM/NRZ is the most bandwidth-efficient residual carrier modulation method investigated.
It should receive serious consideration by projectshaving moderate data rate requirements (20 ks/s-2
Ms/s) when a residual carrier is required. Because system losses are very sensitive to data
imbalance, some means for ensuring an approximately equal number of +1s and -1s over a time
interval of 1/B; must be provided (where B, is the receiver phase-locked loop’s bandwidt h
expressed in Hz). Convolutional encoding may be sufficient. If not, the CCSDS recommended data
randomizer should be used.®
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Figure 3.2-2: PCM/PM/NRZ Modulation Spectra
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Figure 3.2-3: PCM/PM/NRZ Modulation Power Containment

Additionally, PCM/PM/NRZ modulation requires carrier distinguishability be maintained. Since
the data sideband s spectrum peaks at the RF carrier frequency, the data rate must be sufficiently
high to ensure that the data s power spectral density does not interfere with carrier detection. With
a rate 2 convolutional encoding, a data rate of 10kb/s may not be sufficient for some applications.

At such a low symbol rate, the Earth station receiver phase-locked-loop s bandwidth will need to
be quite narrow. For low data rate applications, where carrier distinguishability is not sufficient or
where interference to the tracking loop may occur, UQPSK modulation may be preferred. Each
mission s requirements should be analyzed to ensure proper operation where PCM/PM/NRZ is used.

3.3 PCM/PM/Bi-0 MODULATION

Where residual carrier modulation must be used, Manchester encoding is frequently thought to be
preferable to PCM/PM/NRZ modulation. This is so because there is a spectral null at the RF carrier
frequency increasing its distinguishability. Additionally, data imbalances, which can pose problems
for PCM/PM/NRZ modulation, are eliminated.
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PCM/PM/Bi-0 eliminates data imbalance by the modulo-2 addition of information data with a
double-frequency squarewave. Each Manchester encoded information data bit comprises both a +1
and —1 with the result that the number of +1s and -1s are approximately equal over a time interval
of 1/B,, where B, is the receiver phase locked loop s bandwidth. However, spe ctral bandwidth
is doubled.

3.3.1 PCM/PM/Bi-¢ Modulation Bit-Error-Rate (BER)

Figure 3.3-1 displays the BER vs Eg / N, plots for the three filter types using PCM/PM/Bi-0
modulation. Comparing these curves with those for PCM/PM/NRZ modulation (Figure 3.2-1)
reveals that losses for PCM/PM/Bi-¢ are significantly less than for PCM/PM/NRZ modulation. At
aBER =1x 107 the difference in required E / N, is about 0.7 dB. Increased losses found with
PCM/PM/NRZ result principally from the 10% data imbalance included in this study. However,
the figure shows a distinct difference between the ideal curve and the reference BPSK/NRZ curve.

The double-frequency squarewave requires the baseband filter s bandwidth be reset. Loss
measurements in Phase 2 showed that a BT = 2 provided the best compromise between system
losses and RF spectrum width for PCM/PM/NRZ modulation. With PCM/PM/Bi-¢ modulation,
a BT =2 filter bandwidth is retained; however, it is based on the Manchester code s symbol period
(BTy), rather than on BT, the information data bit s period. Such a filter would be equivalent to
a BT =4 for the information data. System losses and its components are summarized in Table 4.1-
1

3.3.2 PCM/PM/Bi-0 Modulation Spectra

While PCM/PM/Bi-¢ improves RF carrier detectability over PCM/PM/NRZ modulation, the
bandwidth efficiency is substantially reduced. Comparing Figures 3.2-2b and 3.3-2b, for
PCM/PM/NRZ and PCM/PM/Bi-¢ modulations respectively, shows that the —100 dB level is
reached at + 50 R, for the former while + 100 R are required for the latter. One concerned with
spectrum efficiency should avoid the use of PCM/PM/Bi-¢ whenever possible.

As in the PCM/PM/NRZ case, filtered spectra are actually wider than the unfiltered spectra in the
neighborhood of the RF carrier frequency. However by + 12 Rj; filtered spectra become narrower
and remain so thereafter. Filtering substantially improves the bandwidth efficiency as the distance
from the RF carrier is increased.

For this study, timing errors between the information data bits and Manchester code symbols were
considered negligible. Nevertheless, additional spikes are introduced into the RF spectrum from the
10% data imbalance. With PCM/PM/NRZ modulation, spikes occurred only in the nulls at + Ry
intervals. For PCM/PM/Bi-¢ modulation, spikes can be seen in both the nulls and at the peaks of
the spectrum (Figure 3.3-2a). Note: These spikes are present when 1] = 0. Spikes due phase domain
filtering appear at spectrum nulls while spikes resulting from data imbalance appear at the peaks.”
Since some data imbalance is always likely to be present, this finding suggests that PCM/PM/Bi-0
modulation users may have been operating with spectral spikes all along.
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Figure 3.3-1: PCM/PM/B- ¢ Bit-Error-Rate
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Figure 3.3-2: PCM/PM/Bi-0 Modulation Spectra
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Figure 3.3-3: PCM/PM/Bi-¢ Modulation Power Containment

Some scalloping 1s discernable in the darker portion of Figure 3.3-2b. It appears to be periodic at
approximately 10 R;. Concern was expressed that this may be a result of the Manchester encoding
process. To resolve the matter, the original SPW data was expanded in a series of steps so that
individual spectral lobes, and spikes, became identifiable. No evidence of a periodic signal was
found. The authors have concluded that these variations are an artifact of the graphics presentation
process and are not actually present in the RF spectrum.

3.3.3 PCM/PM/Bi-0 Modulation Power Containment
As expected, Figure 3.3-3 shows that power containment for PCM/PM/Bi-¢ modulation is twice
that of PCM/PM/NRZ. Here the occupied bandwidth is approximately 9 Ry using a Butterworth,

BT, = 2 filter. PCM/PM/Bi-¢ modulation was found to be one of the /east bandwidth-efficient
modulation types considered in the Phase 3 study.
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3.3.4 PCM/PM/Bi-0 Modulation Study Conclusions

If a residual carrier is required and either the data imbalance is greater than 5% (P, or Py = 0.525)
or the data’s symbol rate is so low that RF carrier distinguishability m ay be impaired,
PCM/PM/NRZ may be unsuitable. In such cases, PCM/PM/Bi-¢ modulation could be considered.
RF spectrum efficiency is reduced by half as compared to PCM/PM/NRZ making PCM/PM/Bi-0
modulation the least bandwidth-efficient type in this study.

Space agency Spectrum Managers truly concerned about bandwidth efficiency should encourage
the use of modulation methods other than PCM/PM/Bi-0, particularly at data rates above 1 Mb/s.
Specifically, the need for a residual carrier should be reviewed to ensure that it is absolutely
necessary. If not, BPSK, UQPSK, or QPSK modulation should be considered.

3.4 BPSK/NRZ MODULATION

BPSK/NRZ modulation is typically used as a reference for other modulation methods for comparing
bandwidth efficiency, Bit-Error-Rate (BER) performance, and system losses.  Unlike

PCM/PM/NRZ, BPSK/NRZ modulation does not exhibit large system losses at high levels of data
imbalance obviating the need for Manchester encoding. Nevertheless, problems can arise in the
symbol synchronizer’s Digital Transition Tracking Loop (DTTL) at low symbol transition densities
where it may experience difficulty in remaining locked. Since symbol synchronizers are commonly
implemented using DTTLs, the spacecraft must provide an adequate symbol transition density.

BPSK/NRZ modulation is useful if the symbol transition density is sufficient for the DTTL.
Generally, convolutional encoding provides an adequate data transition density. In these cases, it
is preferred over Manchester encoded BPSK because of the substantially narrower bandwidth.

3.4.1 BPSK/NRZ Modulation Bit-Error-Rate (BER)

Bit-Error-Rate (BER) plots for the three filter types can be found in Figure 3.4-1. These plots are
similar to those for PCM/PM/Bi-¢ modulation and the E / N, required for a 1 x 10~ BER, with a
Butterworth (BT = 2) filter, is within 0.1 - 0.2 dB. System performance differences are so small
that BER cannot be used to discriminate between these two modulation types. System losses and
its components are summarized in Table 4.1-1.

3.4.2 BPSK/NRZ Modulation Spectra
Figure 3.4-2 shows the RF spectra for this modulation type. Except for the lack of an RF carrier
component, these spectra are virtually indistinguishable from those for PCM/PM/NRZ. This is so

for both the filtered and unfiltered cases. The apparent RF carrier component, extending above the
0 dB reference line, is actually a dc component introduced by the 10% data imbalance.
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Figure 3.4-1: BPSK/NRZ Modulation Bit-Error-Rate
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Comparing filtered BPSK/NRZ and PCM/PM/NRZ spectra (Figures 3.4-2 and 3.2-2), the former
appears to be slightly wider than the latter. This is the result of placing all transmitted power in the
BPSK/NRZ modulation sideband. PCM/PM/NRZ modulation does retain a portion of the total
power for the residual carrier component lowering the modulation sideband power. To a first order,
Figures 3.2-2 and 3.4-2 demonstrate that BPSK/NRZ modulation has no RF bandwidth advantage
over PCM/PM/NRZ modulation.

Conversely, BPSK/NRZ has a clear spectral advantage over the PCM/PM/Bi-p modulation (Figure
3.3-2). Absent a high data imbalance level causing symbol synchronization problems, BPSK/NRZ
appears to offer the best compromise between system losses and spectral efficiency of the
modulation methods considered thus far.

3.4.3 BPSK /NRZ Modulation Power Containment

Figure 3.4-3 profiles BPSK/NRZ modulation power containment. Comparing with Figure 3.2-3,
BPSK/NRZ can be seen to have an occupied bandwidth roughly 50% greater than that of
PCM/PM/NRZ, using a 1.2 radian (peak) modulation index, (6 Rz vs 4 Ry). Nevertheless,
BPSK/NRZ is reasonably bandwidth-efficient and deserves consideration for some applications.

3.4.4 BPSK/NRZ Modulation Study Conclusions

Missions not requiring a residual carrier and having modest data rates (20 ks/s - 200 ks/s) should
consider BPSK/NRZ modulation first. It provides a good compromise between spectrum efficiency
and simplicity of design.

While data imbalance does not result in system losses as in the case of PCM/PM/NRZ modulation,
the statistics of each application should be reviewed. Agencies employing a DTTL architecture in
their symbol synchronizers, must ensure a sufficient transition density to acquire and maintain
synchronization. Manchester encoding prior to BPSK modulation can ensure sufficient transitions.
As with PCM/PM/Bi-¢ modulation, there is a 100% penalty in spectrum efficiency over the NRZ
equivalent.
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Figure 3.4-3: BPSK/NRZ Modulation Power Containment

3.5 BPSK/Bi-0 MODULATION

This modulation method is useful where the modulating symbol transition density, due to data
imbalance, is so low that the DTTL in the symbol synchronizer may lose lock. Its application is

likely to be limited because most telemetry links are convolutionally encoded.

3.5.1 BPSK/Bi-0 Modulation Bit-Error-Rate (BER)

Figure 3.5-1 provides BER performance for BPSK/Bi-¢ modulation. With a Butterworth BTy =2
filter, its performance is similar to, but slightly poorer than, PCM/PM/Bi-¢ and BPSK/NRZ
modulations. BER behavior of BPSK/Bi-0 is certainly better than that of PCM/PM/NRZ (Figure

3.2-1). Of course, the 10% data imbalance adversely affected the losses of PCM/PM/NRZ which

was not the case with the PCM/PM/Bi-¢ or BPSK/Bi-¢ modulation types.
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Figure 3.5-1: BPSK/Bi-¢ Modulation Bit-Error-Rate (BER)
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3.5.2 BPSK/Bi-¢ Modulation Spectra

Figure 3.5-2 contains spectra for this modulation type. As for other modulation types, filtering
significantly reduces RF bandwidth requirements. Again the passive Butterworth filter (BT = 2)
appears to offer the best compromise between system complexity and RF bandwidth reduction.

Comparing BPSK/Bi-¢ and BPSK/NRZ spectra (Figures 3.5-2 and 3.4-2) yields the following
observations. First, BPSK/Bi-¢ modulation approximately doubles the bandwidth. Second, spikes
due to phase domain filtering appear at spectrum nulls while spikes resulting from the data
imbalance appear at the peaks. Third, baseband filtering also produces a dc component at f.
Manchester encoding makes it virtually impossible for data imbalance to exist making the spike at
f. very small on the unfiltered BPSK/Bi-¢ curve on Figure 3.5-2. The existence of the small spike
at f. in the unfiltered case results from the use of non-ideal system components.

Contrasting spectra for BPSK/Bi-¢ modulation (Figure 3.5-2) and PCM/PM/Bi-¢ modulation
(Figure 3.3-2), also shows interesting differences. The broadband residual carrier spectrum is
slightly narrower than suppressed carrier spectrum because of the power retained in the RF carrier.
Except for the f. component, the spike amplitudes are approximately the same for the two
modulation types.

3.5.3 BPSK/Bi-0 Modulation Power Containment

With an occupied bandwidth of 12 Ry using a Butterworth, BT = 2 filter, BPSK/Bi-¢ is the least
bandwidth-efficient modulation method in the Phase 3 study. Even with a Square Root Raised
Cosine (oL = 1) filter, the occupied bandwidth is 8 Ry.

3.5.4 BPSK/Bi- Modulation Study Conclusions

With its comparatively large bandwidth requirements and its poorer BER performance, BPSK/Bi-0
modulation is not likely to find wide application. Its use should be limited to circumstances when
the data’s symbol transition density is so low that the symbol synchronizer may have difficulty in
acquiring or maintaining lock or where suppressed carrier modulation is required with very low data
symbol rates.

Generally, space agencies interested in maximizing bandwidth efficiency should avoid use of this
modulation type whenever possible. Where data symbol transition densities are so low that one of
the NRZ modulation formats is unsuitable, use of BPSK/Bi-¢ modulation may be unavoidable.
Alternatively, space agencies could consider using symbol synchronizers which are not based on
a Data Transition Tracking Loop (DTTL) architecture. For example, an open loop design such as
the Maximum A Posteriori (MAP) symbol synchronizer ® will not have difficulty at low transition
densities. This alternative symbol synchronizer architecture is particularly attractive for modulation
methods such as MSK, GMSK, and FQPSK.
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Figure 3.5-2: BPSK/Bi-0 Modulation Spectra
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Figure 3.5-3: BPSK/Bi-0 Modulation Power Containment

3.6 QPSKMODULATION

Although found less frequently than the modulation types discussed above, QPSK has been used
by many CCSDS Space Agencies. It has often found application in high data rate m issions
operating in the Earth Exploration Satellite and the Meteorological services.

QPSK can be visualized as two BPSK/NRZ channels having an orthogonal phase relationship, each
containing P;/2 transmit power where Py is the spacecraft’s total transmitted power. The resulting
four-phase states represent specific information bit pairs. Table 3.6-1 shows the RF carrier phase
shift provided by the Universal Phase Modulator (UPM) for the bit-pair combinations.
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Table 3.6-1: QPSK Input Data - RF Carrier Phase Relationship

Input Data RF Carrier Phase
(bit- pairs) (degrees)

00 45

01 -45

10 135

11 -135

3.6.1 QPSK Modulation Bit-Error-Rate (BER)

Figure 3.6-1 contains the QPSK BER vs data bit power relationships for the three filter types. With
P./2 transmit power and a data rate of one-half that in each BPSK/NRZ channel, the received signal-
to-noise ratio remains unchanged. That is clearly shown by coincidence in the Ideal BPSK/NRZ
and Ideal QPSK curves on Figure 3.6-1 which differ by less than 0.1 dB ata BER =1 x 107,

As the bandwidth is restricted, crosstalk between orthogonal I and Q channels increases, resulting
in greater losses. At a BT = 1, QPSK Filtering Losses become 2.2 to 2.9 dB for Bessel and
Butterworth filters respectively. An Eg /N, of about 8.3 dB is required to achieve a 1 x 10~ BER
using a Butterworth BT =2 filter. BPSK/NRZ modulation achieves the same BER with an E; / N,
of only 7.7 dB with a Butterworth (BT = 2) filter.

3.6.2 QPSK Modulation Spectra

The most obvious difference from BPSK/NRZ appears in the spectra shown on Figure 3.6-2 for
QPSK. Filtered QPSK’s spectral width is one-half'that of BPSK/NRZ (Figure 3.4-2) and one-fourth
that of BPSK/Bi-¢ modulation. Ofthe traditional phase modulation methods, filtered QPSK is the
most bandwidth-efficient.

QPSK is no exception to the general rule that filtering is required. Comparing unfiltered and filtered
spectra on Figure 3.6-2b instantly reveals the dramatic increase in bandwidth efficiency from
filtering. Square Root raised Cosine filters provide the maximum spectrum efficiency; however,
the Butterworth BTy = 2 filter is a close second down to levels 60 dB below the peak sideband
amplitude. Considering its simplicity, the passive Butterworth filter is the recommended type.

3.6.3 QPSK Modulation Power Containment

Figure 3.6-3 shows the occupied bandwidth of a Butterworth (BTg = 2), filtered signal to be
approximately 3.5 R;. Even without filtering, it is possible to obtain an occupied bandwidth of
about 10 Ry. Itis clear from Figure 3.6-3 why QPSK has been the modulation method of choice for
medium and high data rate missions. It may still be a good choice for some medium data rate
projects.
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Figure 3.6-1: QPSK Modulation Bit-Error-Rate
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Figure 3.6-2: QPSK Modulation Spectra
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Figure 3.6-3: QPSK Modulation Power Containment

3.6.4 QPSK Modulation Study Conclusions

QPSK modulation has been used in recent years for medium and high telemetry data rate
transmissions. Viewed as two orthogonal BPSK/NRZ channels, QPSK bit-error-rate performance
is equal to that of BPSK/NRZ with one-half of the data rate on each channel. Like all suppressed
carrier systems, a somewhat higher Costas loop Signal-to-Noise Ratio is required for proper
operation than is the case for a residual carrier phase-locked loop.

QPSK should receive serious consideration for telemetry systems operating in the 200 ks/s - 2 Ms/s
symbol rate range. However, the existence of newer, much more bandwidth-efficient, modulation
schemes should relegate QPSK to medium data rate missions, at least in those space agencies truly
concerned with minimizing their RF spectrum needs. This is particularly true for missions operating
in the Earth Exploration Satelliteand the Meteorological services.
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3.7 OQPSK MODULATION

Offset QPSK modulation is purported to generate a more compact spectrum than QPSK in the
presence of non-linear amplification. Modulation sidebands are said to decline more rapidly than
for QPSK. Absent this non-linearity, OQPSK and QPSK spectra are identical.

I 'and Q in a OQPSK system are customarily treated as separate, independent channels with a 2
symbol-time offset between the I-channel phase change and the Q-channel phase change. Here,
OQPSK is treated as an alternative to QPSK. The simulated transmitting system used the Universal
Phase Modulator (UPM).

The UPM’s implementation does not permit proper OQPSK operation. Where a 180 degree phase
change is occasioned by the data, an intermediate rest level of either + 90 degrees is established for
one-half symbol-time. Restricting the phase change reduces sideband generation in non-linear
system elements. To some degree, this pseudo OQPSK modulation system approximates a filtered
QPSK modulated system by limiting sequential phase changes to + 90 degrees.

OQPSK filtering is the same as for QPSK modulation. Butterworth and Bessel filters having BT
=1, 2, and 3 were used. As with the other modulation methods, all spectra are based on a
Butterworth BT = 2 baseband filter. Unfortunately, the results were less than satisfactory.

3.71 OQPSK Modulation Bit-Error-Rate (BER)

Figure 3.7-1 contains Bit-Error-Rate (BER) data for OQPSK. With no filtering (i.e., BT = o0), the
performance is equivalent to that of a QPSK system. However, with the UPM, OQPSK BER
performance deteriorates sharply as the filter’s bandwidth decreases. With a Butterworth (BT =
2) filter, an E, / N, = 8.7 dB is required for a 1 x 10 * BER. Given the modulator problems, these
test data are not sufficient to discriminate between the two modulation types.

3.7.2 OQPSK Modulation Spectra

Determining whether this variant of OQPSK is a viable modulation type is no easier using the
spectra shown on Figure 3.7-2. Interestingly, there is virtually no difference between the unfiltered
spectra for OQPSK and QPSK (Figure 3.5-2), even with the non-linear power amplifier. The
modulator’s unsuitability makes it difficult to comment on the spectra.

39
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Figure 3.7-1: OQPSK Modulation Bit-Error-Rate
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Figure 3.7-2: OQPSK Modulation Spectra
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3.7.3 OQPSK Modulation Power Containment

Power containment, figure 3.7-3 is virtually identical to that for QPSK. With a Butterworth (BT
= 2) filter, the occupied bandwidth is about 3.5 R;. No power containment differences were found
between OQPSK and QPSK.
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Figure 3.7-3: OQPSK Modulation Power Containment

3.7.4 OQPSK Modulation Study Conclusions

No discernable bandwidth differences between OQPSK and QPSK modulation were found, despite
the use of non-linear system elements such as a saturated power amplifier. However, the OQPSK
BER performance deteriorates sharply as the filter bandwidth decreases. This finding could be the
result of an inadequate phase modulator. With baseband filtering, the UPM’s transitions require an
excessively long time with an intermediate dwell state. A true OQPSK modulation evaluation
requires a different phase modulator design. At this time there is not sufficient extrinsic evidence
of OQPSK’s superiority to warrant modulator modifications or additional investigations.
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3.8 CONTINUOUS PHASE MODULATION (CPM)

Two modulation types, not commonly used by the CCSDS Space Agencies, have been included in
Phase 3 for comparative purposes. Both are in a class termed Continuous Phase Modulation (CPM).
As the name implies, phase changes are gradual and without discontinuities. The resulting RF
spectrum is inherently narrower than that for the unfiltered phase modulation methods discussed
above. Two variants of CPM are included in this study: Minimum Shift Keying (MSK) and
Gaussian Minimum Shift Keying (GMSK). Neither modulation scheme has been widely used by
space agencies. Because they are essentially the same, they are grouped together in this section.

MSK is unfiltered while GMSK adds a baseband Gaussian filter to the modulator. The Universal
Phase Modulator (UPM) and the ARX II receiver are not suitable for CPM. Therefore, the
simulation system used for CPM studies deviates from that described in Section 2.1 above.
Modifications include an ideal frequency modulator from the SPW library and an ideal receiver with
perfect carrier tracking and symbol synchronization.

Demodulation was based on a paper showing that GMSK can be decomposed into a series of
amplitude pulses.” The Phase 3 study receiver simulation model is predicated on a paper describing
how the optimum receiver’s four or eight matched filters can be reduced to only two filters, a
matched filter followed by a Wiener filter to reduce ISI."

3.8.1 MSK and GMSK Modulation Bit-Error-Rate (BER)

Figure 3.8-1 contains Bit-Error-Rate curves for MSK and GMSK. GMSK studies included two
separate filters with BT = 0.5 (equivalent to BT, = 0.25) and BT = 1 (equivalent to BT, = 0.5)
Since these bandwidths are smaller than those for the Butterworth and Bessel filters (BTg=1, 2, 3),
one can anticipate that the end-to-end losses should be higher and the RF spectrum will be narrower.

Unlike previous modulation studies having three plots, one for each filter type, here there is but one.
MSK is unfiltered and GMSK includes a Gaussian filter with two bandwidths (BTg = 0.5, 1). For
simplicity, these, along with an ideal BPSK/NRZreference curve, are placed on a single BER graph.
Note that the E; / N, required for a 1 x 10~ BER is 7.3 - 8.2 dB which compares favorably with
BPSK/NRZ, even with a Gaussian filter bandwidth BT = 0.5. Losses can be expected to increase
when a non-ideal modulator and receiver are employed; however, Figure 3.8-1 was generated using
the ESA power amplifier operating in full saturation.

3.8.2 MSK and GMSK Modulation Spectra

Most MSK and GMSK applications have been in Personal Communication Systems (PCSs).
Spacecraft telemetry transmission systems have avoided GMSK because of demodulation and
synchronization difficulties. Often termed frequency modulation, MSK and GMSK were included
because of their inherently narrow spectral bandwidths. Unlike the other modulation types, MSK
is unfiltered and sidelobes are reduced by avoiding phase change discontinuities. Figure 3.8-2
shows spectra for unfiltered, ideal BPSK/NRZ (reference), MSK, and GMSK using the two filter
bandwidths. No discrete components are present in MSK or GMSK spectra despite baseband
filtering."!
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Figure 3.8-1: MSK / GMSK Modulation Bit-Error-Rate (BER)

Figure 3.8-2 shows MSK modulation to be significantly more bandwidth-efficient than the unfiltered
BPSK/NRZ reference, reaching a level 60 dB below the peak sideband amplitude at + 8 Ry. Its lack
of discrete spectral components makes it attractive for space telemetry applications.

However, from Figure 3.8-2 it is apparent that MSK modulation is of little interest when compared
to GMSK. GMSK modulation is significantly more bandwidth-efficient than any other method
considered previously. For example, it is 2 to 6 times more bandwidth-efficient than filtered QPSK
modulation, depending upon the specific filter bandwidths selected. When coupled with its BER
performance, GMSK should be seriously considered for high and very high data rate missions.

3.8.3 MSK / GMSK Modulation Power Containment

Figure 3.8-3, Power Containment, supports the finding that GMSK has a high bandwidth efficiency.
Occupied bandwidth is difficult to read, because of its small value, but it appears to be less than 1.2
Ry for both filter bandwidths. This represents a 16-times improvement over the unfiltered
[reference] BPSK/NRZ modulation and a 5-fold efficiency increase over filtered BPSK/NRZ.

3.8.4 MSK/GMSK Modulation Study Conclusions

Clearly, space agencies interested in RF spectrum efficiency should seriously consider GMSK
modulation. This is particularly true for high and very high data rate missions. Unlike the phase
modulation types described above, GMSK requires new modulator, demodulator, and symbol
synchronizer designs. In that respect, this recommendation departs from one of the Efficient
Modulation Methods Study guidelines: that only simple modifications to existing Earth station
equipment are permitted for any recommended modulation method. However, GMSK’s bandwidth
efficiency is too great to ignore and a departure from the guideline is warranted.
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Figure 3.8-2: MSK / GMSK Modulation Spectra
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Figure 3.8-3: MSK / GMSK Modulation Power Containment

3.9 8-PHASE SHIFT KEYED (8-PSK) MODULATION

8-PSK modulation is not currently used by CCSDS Space Agencies. NASA Goddard Space Flight
Center (GSFC) and their contractor New Mexico State University (NMSU) have devoted a
substantial effort to understanding this modulation method.'> '* 8-PSK transmits three data bits
simultaneously rather than just two data bits as in QPSK.

For study consistency with other phase modulation studies, a complete transmitting and receiving
system needed to be simulated. The Universal Phase Modulator is capable of 8-PSK modulation
and the transmitting system, including the ESA power amplifier, was used for this evaluation.

The eight possible state vector phases in 8-PSK modulation cannot be orthogonal as in the case of
QPSK. Therefore, the ARX II receiver was modified, as shown in Figure 2.3-2, to demodulate an
8-PSK signal by adding signal squaring circuits to the Costas Loop. These devices also squared the
noise compromising the system’s performance. Inserting a filter in the modulator further degrades
system performance because non-orthogonality increases crosstalk between phase states.
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3.9.1 8-PSK Modulation Bit-Error-Rate (BER)

Losses are evident in Figure 3.9-1 showing the Bit-Error-Rate performance for 8-PSK modulation.
Relative to ideal BPSK/NRZ modulation, even an ideal (lossless) 8-PSK system imposes heavy
performance penalties. Ideal 8-PSK requires an E; /N, 0f 9.5 - 10 dB to attaina BER =1x 107,
When a Butterworth BT = 3 filter is added, the required E; / N, rises to 11.5 dB. Compared to the
E; /N, of about 8 dB, needed for a filtered non-ideal QPSK system at the same BER, it is clear that
8-PSK is not a useful modulation method in power limited applications. Losses using a Square Root
Raised Cosine (0t = 1) filter were so great that the plot is not even included in this report.

Excessive losses result from the non-orthogonal relationship between phase states. This simulation
shows that inherent 8-PSK modulation losses are unlikely to be acceptable in most applications,
even without filtering.

NMSU studies found that filtered 8-PSK modulation BER rate performance improved in non-
constant amplitude applications. The Universal Phase Modulator produces a nearly constant
envelope signal. That characteristic results in the narrowest RF spectrum. Utilizing a non-constant
envelope spectrum may improve the BER performance at the expense of spectrum width.

3.9.2 8-PSK Modulation Spectra

Notwithstanding the system losses, spectrum advantages of simultaneously transmitting three data
bits is clearly evident in Figure 3.9-2. 8-PSK modulation with a Butterworth filter having a BT =
2 produces the most compact RF spectrum of any phase modulation method reviewed thus far. A
BT, =2 was used for consistency with studies of the other modulation types.

Figure 3.9-2 also demonstrates that filtering will be needed. The unfiltered spectrum (top) is very
similar to that for unfiltered QPSK. 8-PSK provides a 1.8 dB improvement in data rate over QPSK
and the spectral improvement appears to be on the same order.

3.9.3 8-PSK Modulation Power Containment

Power Containment curves, Figure 3.9-3, show the occupied bandwidth to be about 2.4 R, when
using a Butterworth BT = 2 filter. This bandwidth will increase with a BT = 3 filter which is
required to avoid the additional 1 dB loss.

3.9.4 8-PSK Modulation Study Conclusions
Results of this study show 8-PSK modulation to be of little value for most space telemetry data
transmissions. While 8-PSK does provide a marginally narrower spectrum, system losses make the

modulation type unsuitable for most Category A missions. 8-PSK modulation may be attractive in
strong signal applications where system losses are of little importance.
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Figure 3.9-1: 8-PSK Modulation Bit-Error-Rate

8-PSK modulation and demodulation can be accomplished by modifing space agencies’ existing
spacecraft and Earth station hardware. In this regard, 8-PSK modulation does comply with one of
the Efficient Modulation Methods Study guidelines. However, even if it were possible to construct
a lossless receiver, the performance penalty, compared to GMSK and FQPSK-B modulation, is too
high to warrant further consideration.
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Figure 3.9-2: 8-PSK Modulation Spectra
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Figure 3.9-3: 8-PSK Modulation Power Containment

3.10 FEHER QPSK (FQPSK)

CCSDS Subpanel 1E (RF and Modulation) became aware of a new modulation type at its Spring
1997 meeting. Named FQPSK for its inventor, Dr. Kamilo Feher, it was reported to have a very
narrow RF spectrum and only minimal end-to-end system losses.'* Test data provided by Dr. Feher
showed a spectrum narrower than that of GMSK using a BT = 0.50 filter. Sideband attenuations
were tabulated for the several modulation types studied and it was concluded that FQPSK-B could
be a very attractive modulation method.

Subpanel 1E determined that FQPSK deserved further investigation. With Dr. Feher s permission,
FQPSK-B, a specific version of FQPSK, was simulated using SPW. Additionally, Mr. Eugene Law
of the Naval Air Warfare Center Weapons Division at Point Mugu obtained an FQPSK-B
modulator-demodulator (modem) for hardware tests. NASA members of Subpanel 1E witnessed
these spectrum tests and obtained copies of the spectra. Note: This is the only modulation type
covered in this report for which there are actual hardware verification tests. These tests confirm
the simulation results reported here.
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FQPSK-B modulation is a form of OQPSK modulation in which one of 16 wavelets [waveforms]
is selected for transmission on the I-channel and another is chosen for transmission on the Q-
channel. Wavelet determination depends on the present and previous data bit pair values for the I
and Q channels. There is a % -synbol-time offset between I and Q transmissions.'> ' FQPSK-B
modulates and filters at baseband. Thereafter, the signal is translated to an i.f. frequency and then
translated again to the transmitted RF frequency.

3.10.1 FQPSK-B Modulation Bit-Error-Rate (BER)

Simulations of FQPSK-B were conducted at JPL with the assistance of Dr. Feher. Figure 3.10-1
shows the Bit-Error-Rate (BER) performance. Like MSK and GMSK modulation, existing
transmitting and receiving equipment simulation models were unsuitable for FQPSK-B. However,
BER performance was measured using ESA’s power amplifier operating in full saturation.

Comparing FQPSK-B to ideal BPSK/NRZ shows that an additional E; / N, of 1.7 dB is required to
achieve a 1 x 107 BER. This is 0.3 dB greater than GMSK with a BTg = 0.5. Dr. Feher commented
that additional system optimization might reduce these losses. His suggestions included adding hard
limiters to the transmitting system and improving the receiver filter’s phase performance.

Supporting his position, Dr. Feher points to BER measurements made at Point Mugu using actual
hardware. Dr. Feher’s modem, operating with a 1 Watt SSPA in full saturation, produced a 1 x 10”
BER at an E; / N, of 8 dB, about 1.3 dB more than ideal BPSK/NRZ and 0.1 dB less than GMSK
with a BT =0.5. However, that modem was designed for relatively fixed signal level applications,
such as closed circuit television distribution. It did not provide 60 dB of sideband attenuation.
Further BER tests will be required to verify the better E; / N, performance using a modulator
capable of a 60 dB sideband attenuation.
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Figure 3.10-1: FQPSK-B Modulation Bit-Error-Rate
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3.10.2 FQPSK-B Modulation Spectra

Figure 3.10-2 shows FQPSK-B spectra obtained by simulations. Spectra are obtained using ESA’s
10 Watt SSPA operating in full saturation. However, as with the MSK and GMSK simulations, an
ideal modulator and receiver were simulated.

FQPSK-B spectra do not have discrete components, giving it a distinct advantage over filtered phase
modulation schemes. Sideband attenuation does tend to reach a floor at approximately 75 dB below
the peak amplitude where spectral broadening is clearly evident in Figure 3.10-2a. Unlike most of
the phase modulation schemes, spectral broadening in the vicinity of f. does not occur. Rather,
Figure 3.10-2a shows the spectrum width around f.. to be significantly narrower than BPSK/NRZ.

FQPSK-B has a very compact, bandwidth-efficient spectrum. Simulations show it to be slightly
better than GMSK reaching a level 50 dB below the peak sideband amplitude at a bandwidth of 1.7
Ry rather than at 1.9 R; for GMSK with a BT =0.5. At a sideband attenuation of 60 dB, FQPSK-B
and GMSK are within 0.1 Ry of one another.

3.10.2.1 Hardware Spectrum Measurements

FQPSK-B is the only modulation type in the Phase 3 Efficient Modulation Methods Study for
which there are actual hardware measurements. On 1 July 1997 FQPSK-B hardware tests were
conducted at the Naval Air Warfare Center at Point Mugu. Dr. Feher contributed a laboratory
model of his FQPSK-B modulator. The test configuration included: a random data generator
producing 1 Mb/s, Dr. Feher’s FQPSK-B modulator, a Hewlett Packard (HP) Model 8780A
Vector Signal Generator for QPSK modulation, a frequency translator, a 1-Watt SSPA, and an
HP spectrum analyzer.

Tests were run with the SSPA in full saturation at 2.44 GHz and frequency spectra were plotted
by the HP spectrum analyzer. Figure 3.10-3 reproduces the HP analyzer’s plot on the same scale
as that used for the Fine Detail spectra shown in Figure 3.10-2a. Separate figures are provided
because the spectrum plotted in Figure 3.10-3 is virtually indistinguishable from the FQPSK-B
curve in Figure 3.10-2a, down to a level 55 dB below the peak sideband amplitude. Below the
-55 dB point, the hardware generated spectrum in Figure 3.10-3 becomes wider than the SPW
computed spectrum in Figure 3.10-2a. Readers should understand that no attempt was made to
optimize the hardware test configuration at Point Mugu. The test bed was constructed using
hardware elements designed for a variety of other uses.

These measurements confirm the bandwidth efficiency of FQPSK-B modulation, as predicted
by SPW. Neither a 2 GHz receiver nor an FQPSK-B demodulator-symbol synchronizer were
available to measure Bit-Error-Rate. Therefore, system losses calculated by SPW could not be
confirmed using this test configuration.

Additional hardware tests were conducted using an FQPSK-B modem provided by Dr. Feher.
The test configuration operated at 70 MHZ. This inexpensive commercially available modem
was designed to operate over a more restrictive set of signal levels than the laboratory modulator
described above. It did not provide sideband attenuations much below 40 dB.
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Figure 3.10-2: FQPSK-B Modulation Spectra
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Figure 3.10-3: Hardware Generated FQPSK-B Modulation Spectrum

However, it was possible to make system loss measurements. Ata 2 x 10~ BER, the loss was
determined to be about 1.3 dB. This tends to corroborate the 1.7 dB loss, computed by SPW, for
the better laboratory modulator which has a more restrictive bandwidth.

3.10.3 FQPSK-B Modulation Power Containment

FQPSK-B frequency spectrum efficiency is so high that two power containment plots are required.
Figure 3.10-4 is plotted using a 0 - 20 R;; scale for consistency with the other modulation methods.
However, virtually all of the transmitted power is contained in such a small bandwidth that Figure
3.10-5 is added. Its scale of 0 - 2 Ry, clearly shows the occupied bandwidth to be only 0.8 Ry. This
is significantly better than the 1.0 Ry found with GMSK using a filter bandwidth of BT = 0.5.

3.10.4 FQPSK-B Modulation Study Conclusions

Although FQPSK-B modulation was only recently added to the Efficient Modulation Methods Study,
it appears to be one of the most bandwidth-efficient modulation method considered. Because of its
proprietary nature'’, some of its parameters are not apparent from published documents. Whether
this proprietary nature would serve as an impediment to universal application by space agencies is
also not clear.

What is clear is that FQPSK-B modulation must be seriously considered for high and very high data

rate missions. With RF spectra valued in the Unites States at several hundred dollars per Hertz,
NASA, and probably all space agencies, have a duty to investigate this modulation type further.
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Percent Power Containment

The authors recommend hardware tests be conducted to verify SPW spectra and BER simulation
measurements at the earliest possible time. These tests should include an optimized transmitting
and receiving system, capable of measuring both spectra and end-to-end system losses. This test
bed should be established in a controlled environment where all parameters can be measured and
controlled. If such tests confirm these simulation results, FQPSK-B should be considered as a
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Figure 3.10-4: FQPSK-B Power Containment (0 - 20 R;)

recommended standard by the CCSDS and SFCG.
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4.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The CCSDS - SFCG Efficient Modulation Methods Study measured the RF spectrum’s width and
end-to-end system performance using computer simulations. In compliance with the SFCG’s
request, the conclusions identify those modulation schemes that are the most bandwidth-efficient
and suggest that CCSDS and SFCG Space Agencies adopt recommendations specifying their use.

4.1 SUMMARY

This chapter summarizes the results found in Sections 1, 2 and 3. For each modulation method, it
reviews end-to-end system losses, examines RF spectrum bandwidth, and discusses the spectrum
improvement factor resulting from baseband filtering.

4.1.1 Summary of Losses

Table 4.1-1 shows system and filtering losses occurring in the end-to-end system for each
modulation type. Column 2 contains losses relative to ideal BPSK/NRZ modulation. Recall that
ideal BPSK/NRZ assumes: perfect data (P, = P, = 0.5; | =0), an ideal system (perfect carrier
tracking and symbol synchronization), and no filtering (BT = o).

Existing SPW models for the ARX II receiver were unable to handle 8-PSK, MSK, GMSK, and
FQPSK modulation. Except for the SSPA, which was identical to that for the other modulation
types, ideal system hardware was used for simulating performance making it impossible to
determine carrier tracking and synchronization losses. RF spectrum width was measured as were
end-to-end losses relative to ideal BPSK/NRZ. Filtering losses, inherent in GMSK and FQPSK-B,
are included in leftmost column of Table 4.1-1 containing losses relative to ideal BPSK/NRZ.
NOTE: All modulation types exhibit a loss with respect to ideal BPSK/NRZ. To find the true
cost of a modulation method, one should subtract 0.56 dB which is the loss for filtered BPSK.
Thus, the true loss for GMSK (BT = 0.5) is about 0.8 dB and FQPSK-B is about 1.1 dB.

Phase 3 studies employed baseband filtering exclusively. A principal objective was the selection
of the proper filter bandwidth. Recall that filter selection criteria required using a filter producing
the narrowest RF spectrum while introducing only moderate losses.

From Table 4.1-1, it is clear that filters having a BT = 1 often exceeded the allowable loss of
approximately 1 dB. However, filters having a BT = 2 generally met the 1 dB loss criterion. 8-
PSK was the exception requiring a BT = 3 filter bandwidth to be acceptable. For the other
modulation types, BER curves in Section 3 showed that there was no significant benefit in using a
BT, =3 filter bandwidth. Thus, Butterworth and Bessel baseband filters, with a BT = 2, were used.

4.1.2 RF Spectrum Efficiency
Another Phase 3 study objective was to determine the RF spectral bandwidth of each modulation
type. This was necessary to rank the several modulation methods with respect to one-another.

Many Spectrum Managers are concerned principally with occupied bandwidth (i.e., 99% power
containment). Here, the focus is on many power containment levels.
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Table 4.1-1: System Losses

Losses in dB (Non Ideal Data and System)'
Modulation . . .
Loss Butterworth Filter Bessel Filter SRRC Filter
Relative 3 ®° Order) (3 ®° Order)
Type to Ideal 3 3 3
BPSK 2 Filtering Losses Filtering Losses Filtering Loss
BT=1 BT=2 BT=3 BT=1 BT=2 BT=3 o=1
PCM/PM/NRZ -1.52 -0.7 -0.20 -0.01 -0.80 -0.10 -0.01 -0.52
PCM/PM/Bi-(]) -0.56 -1.1 -0.34 -0.12 -0.91 -0.16 -0.01 -0.45
BPSK/NRZ -0.56 -0.9 -0.30 -0.12 -0.70 -0.17 -0.01 -0.57
BPSK/Bi-(D -0.61 -1.0 -0.44 -0.25 -0.87 -0.29 -0.11 -0.79
QPSK/NRZ -0.64 -2.92 -0.82 -0.37 -2.24 -0.60 -0.20 -3.70
OQPSK/NRZ -0.65 NA* | -130 | 037 | NnA* | <100 | 023 N/AY
MSK? -0.5 N/A N/A N/A N/A N/A N/A N/A
GMSK*>* -0.8 N/A | NNA | NJA | NJA | NA | N/A N/A
GMSK >’ -1.4 N/A N/A N/A N/A N/A N/A N/A
8-PSK 34 | NAY| <19 | 09 [NAY| 24 | <10 N/A
FQPSK-B’ -1.7 N/A N/A N/A N/A N/A N/A N/A
NOTES:

1. Losses determined at a Bit-Error-Rate of 1 x 10° with T|=0, P, = 0.55 (negative numbers indicate a loss).
System losses were measured relative to ideal BPSK/NRZ (perfect data, lossless equipment).

Filtering Losses include: ISI + Mismatch + Imperfect Carrier Tracking & Symbol Synchronization.
BER reached a minimum of 1 x 1072,

Filtering Losses Not Available (N/A) because BER measured with ideal system components.

Filter bandwidth BT =1 (BT = 0.5).

Filter bandwidth BTy = 0.5 (BT, = 0.25).

NN RWN

The Efficient Modulation Methods Study was motivated by a desire to pack a substantially greater
number of spacecraft into a given frequency allocation, particularly in the 2 and 8 GHz Category
A mission bands. Maximum packing density occurs when spectra from two spacecraft, operating
on adjacent frequencies, just begin to overlap at n dB below the peak of the data sideband’s
spectrum.

This follows from a worst-case assumption that the Earth station’s antenna is boresighted on both
spacecraft simultaneously. Where spacecraft are not coincidently within the Earth station antenna’s
beamwidth, the interferer’s and victim s relative signal strengths will determine the spacial
separation necessary to avoid interference. Obviously, even as frequency band usage increases,
some spacial separation is expected. This study attempted to determine the value of n.
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Views differ regarding the optimal value of n. Some believe that spectra from spacecraft on adjacent
frequencies could be permitted to intersect at a level of 20 dB below the peak sideband amplitude.
Others believe that the number should be greater or less than 20 dB.

In any event, Category A missions in highly elliptical orbits can undergo signal level changes of 30
dB or more at the Earth’s surface. Thus, it would seem prudent to prohibit RF spectra, from
spacecraft operating on adjacent frequencies, from intersecting at levels higher than 50 dB below
the peak of the data sideband generated by the spacecraft having the stronger signal.

To provide maximum flexibility, RF spectrum bandwidths have been tabulated at values of n from
20 to 60 (dB) below the data sideband’s peak. RF spectrum width increases as a function of n and
each user must select the proper value. A value of n = 50 is recommended for most applications.

For a specific value of n, one can calculate the improvement in spectral efficiency. CCSDS
Subpanel 1E concluded that BPSK/NRZ was to be the reference modulation type. A Spectrum
Improvement Factor (SIF) can be calculated by comparing the bandwidth of unfiltered BPSK/NRZ
to the bandwidth of the modulation method under discussion according to the relationship:

Bandwidth of Unfiltered BPSK/NRZ

SIF = : . (4-1)
Bandwidth of Named Modulation Type

Since the bandwidth is a function of n, the SIF will also vary with n. Table 4.1-2 contains the
bandwidths and S/Fs at several values of n for all modulation types covered in this Phase 3 study.
Bandwidths for all phase modulation types were evaluated using a Butterworth, BT = 2 filter.

For symmetrical data (N=0), no spikes are present in the spectra of unfiltered BPSK/NRZ. All
measurements in Table 4.1-2 were made with respect to a continuous unfiltered BPSK/NRZ
reference spectrum. Conversely, all phase modulation schemes, which employ baseband filtering,
have both continuous and discrete parts to their spectrum.

SIF measurements in Table 4.1-2 were made with respect to the discrete part of the baseband filtered
modulation spectrum. This represents a worst case bandwidth comparison. Readers should
understand that no discrete spectral components exceed the value of n in any of the S7F's shown in
Table 4.1-2. Since SPW’s resolution bandwidth was set to 1.33 Hz, one can conclude that the SIF's
should be close to those obtained using real hardware viewed on a spectrum analyzer with a 1 Hz
resolution.

Preferred modulation types become immediately apparent when SIFs are plotted as a function of n
as in Figure 4.1-1. Modulation types fall into two distinct groups FQPSK-B / GMSK and everything

else. Even 8-PSK is not a competitor for those two types. The message is clear:

If RF bandwidth is important, then the results of this study show that FQPSK-B and GMSK
(BT = 0.5) are the modulation methods of choice.
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Table 4.1-2: Bandwidth Efficiencies

Two-Sided Bandwidth, Ry

Spectrum Improvement Factors’

Modulation Sideband Attenuation, dB Sideband Attenuation, dB
Type 20 30 | 40 50 60 20 30 | 40 | 50 60
PCM/PM/NRZ' 82 | 102 | 102 | 142 | 162 13 | 23 | 73 | 184 | 402
PCM/PM/Bi-O' | 162 | 202 | 242 | 282 | 322 07 | 12 |31 ] 93 | 202
BPSK/NRZ' 82 | 102 | 142 | 162 | 182 13 | 23 | 53 | 161 | 358
BPSK/Bi-()' 202 | 242 | 282 | 322 | 402 05 | 10 | 26| 81 | 162
QPSK'! 52 | 62 | 72 | 82 | 122 21 | 37 |104 | 318 | 534
OQPSK' 52 | 72 | 82 | 102 | 182 21 | 32 | 91 | 256 | 358
MSK 13 | 30 | 5.1 | 91 | 191 83 | 77 | 147 287 | 34
GMSK (BT=1) 12 | 19 | 23 | 25 | 30 9.0 | 122 | 325 | 1044 | 217.0
GMSK(BT=0.5) | 1.0 | 12 | 1.6 | 19 | 21 108 | 193 | 468 | 137.4 | 3100
8-PSK' 36 | 48 | 56 | 68 | 88 30 | 48 | 134 | 384 | 740
FQPSK-B 09 | 11 | 14 | 17 | 22 120 | 211 | 534 | 1535 | 2959
Average | 65 | 82 | 98 | 119 | 157 42 | 66 | 166 | 476 | 944
NOTES:

1. Measurements of phase modulated spectra are made using Butterworth BT ¢ = 2 filter
2. Measurements show bandwidth improvement compared to unfiltered BPSK/NRZ modulation

Further work is required to determine Filtering Losses of FQPSK-B and GMSK modulation types.
Losses should be determined by actual hardware tests rather than by additional simulations.
Currently, there is a plan to conduct hardware tests with several m odulation types, including
FQPSK-B, at ESA/ESTEC in early 1998. Such tests can be used to validate the information
contained in this report.

Relative bandwidth efficiencies can also be shown by plotting the Two-Sided Bandwidth (R;) as a
function of Sideband Attenuation (dB). Figure 4.1-2 graphically illustrates the performance of the
10 modulation methods studied. Although less dramatic than Figure 4.1-1, Figure 4.1-2 clearly
demonstrates that there are three classes of bandwidth efficiency. Ranked from highest to lowest
bandwidth efficiency, these are:

1. FQPSK-B and GMSK
2. BPSK/NRZ, PCM/PM/NRZ, OQPSK, QPSK, MSK and 8-PSK
3. BPSK-0 and PCM/PM/Bi-0
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Figure 4.1-1: Spectral Efficiency Relative to Unfiltered BPSK / NRZ

Figure 4.1-1 relates the spectral efficiencies of the several modulation methods investigated in
the Phase 3 Efficient Modulation Methods Study. SIF, as defined in equation 4-1 is plotted as
a function of n (number of dB below the peak sideband amplitude). Three classes of bandwidth
efficiency are evident: High (FQPSK-B and GMSK); Medium (8-PSK, QPSK/OQPSK, MSK,
PCM/PM/NRZ, and BPSK/NRZ); and Low (PCM/PM/Bi-{, BPSK/Bi-()).

All Phase 3 modulation bandwidth measurements are made using a Butterworth 3%° order BT
= 2 filter. MSK has no filtering and GMSK curves are labeled with the Gaussian filter's BT,
factor. FQPSK-B measurements are based on a proprietary filter in FQPSK-B modulation.
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Figure 4.1-2: Two-Sided Required Bandwidth

Figure 4.1-2 depicts modulation efficiency using the Two-Sided Bandwidth as the key parameter.
It shows the RF bandwidth required by each modulation type to obtain a desired value of n.
This Figure can be used to establish the separation between adjacent users operating in the
same frequency band, as well as to make a cost comparison between alternative modulation
methods.

For example, at n = - 50 [dB], adjacent users require a separation of only 2 times their data bit
rate when FQPSK-B modulation is used, whereas a separation of 32 times the data bit rate is
required when BPSK/Bi-¢ modulation is employed. The 16-fold difference between the most
and least efficient modulation methods facilitates an easy cost-comparison of the several
modulation methods in this study.

Costs can be calculated if the spectrum’s unit-value (€ ) is known. Auctions of the 900 MHZ
band, conducted by the Federal Communications Commission several years ago, yielded an
average return of § = $744/Hz. Modulation method cost comparisons can be made using the
following relationship:

Cost =& Datarate (Hz) Required Two-Sided Bandwidth from Figure 4.1-2. (4-2)
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4.2  CONCLUSIONS

Conclusions fall into distinct categories relating to filtering methods, losses, modulation types, and
Spectrum Improvement Factors (SIFs). Each conclusion is summarized in the subsections below.

4.2.1 Filtering Conclusions
Baseband filtering significantly reduces the transmitted RF spectrum’s width. Study conclusions are:

® Filtering of transmitted signals will be required to obtain an acceptably narrow RF spectrum.
® Hardware limitations make post PA filtering impractical at data rates below about 8 Ms/s.
® Realizable Qs limit the filter’s bandwidth to about 1-2% of the transmitted frequency.
® Filtering power losses may be unacceptable, even at a 1-2% bandwidth.
® For low data symbol rates, post PA filtering may make turnaround ranging difficult.
® Depending upon its architecture, transponder i.f. filtering may not be practical.
® () limitations stated above apply if modulation occurs at the transmitting frequency.
® Filtering at i.f. requires transponders be modified for each mission.
® Filtering at i.f. makes data rate changes difficult.
® For low data symbol rates, i.f. filtering may make turnaround ranging difficult.
® Filtering within the transponder risks introducing spurious emissions causing lock-up.
® Baseband filtering is the only practical alternative to unacceptable post PA and i.f. filtering.
® Baseband filtering can be accomplished with a simple, passive low-pass filter design.
® A 3%P order Butterworth filter (BT = 2) provides the best performance-simplicity ratio.
® Filtering prior to phase modulation produces undesirable spikes in the RF spectrum.
® Spikes can only be avoided by using a different modulation method (GMSK, FQPSK).
® Both GMSK and FQPSK-B utilize baseband filtering and do not require i.f. nor post PA
filters.

4.2.2 Loss Conclusions

Table 4.1-1 partitions losses into two categories: System (losses relative to ideal BPSK) and Filtering
(ISI and Mismatch). One criterion for the Phase 3 study was that end-to-end losses should be
reasonable. CCSDS Subpanel 1E determined that approximately 1 dB was reasonable. The
following conclusions regarding losses were reached:

® High system loss (1.5 dB) found for PCM/PM/NRZ, resulted from a 10% data imbalance.
® When a BT = 2 Butterworth filter is used, data imbalance should not exceed 5%.
® §8-PSK modulation exhibits an excessive system loss (3.4 dB).
® Filtering losses decreased for non-constant envelope modulation.
® However, spectrum width increased.
® [ osses were not reduced to an acceptable level.
® High losses make 8-PSK modulation unsuitable for power-limited Category A missions.
® GMSK (BT =0.5) also exhibited high (1.4 dB) system losses.
® [ncreasing filter bandwidth to BT = 1 reduced system losses to an acceptable level.
® [ osses were measured with an ideal (lossless) receiver.
® FQPSK-B losses were found to be a high 1.7 dB.
® [ osses were also measured with an ideal (lossless) receiver.
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4.2.3 Modulation Methods Conclusions

Figures 4.1-1 and 4.1-2, graphically identify the preferred modulation methods. For the several
modulation methods considered, the following conclusions were reached.

® FQPSK-B provides the narrowest RF spectrum of all modulation methods studied.
® FQPSK-B should be considered for all high and very high data rate missions.
® Provided that losses are acceptable.
® GMSK, with a filter bandwidth BT = 0.5, produces virtually equivalent results to FQPSK-B.
® Further work is required to validate system losses using real hardware.
® §-PSK, with its high losses, does not appear useful for most Category A missions.
® Excessive losses and modest performance gains do not provide sufficient advantages.
® (QPSK has comparatively poorer bandwidth efficiency than does FQPSK-B and GMSK.
® [ts common usage may dictate its consideration in some applications.
® Absent spread spectrum, QPSK cannot provide simultaneous telemetry and ranging.
® OQPSK could not be evaluated properly with the UPM.
® OQPSK should be reserved for applications requiring separate, independent data channels.
® Orthogonally phased BPSK/NRZ modulators, with a 'z synbol offset should be used.
® BPSK/NRZ has poor bandwidth efficiency and should not be used if bandwidth is important.
® Bandwidth efficiency is slightly lower than PCM/PM/NRZ modulation.
® BPSK/NRZ may be an alternative to PCM/PM/NRZ when:
® A residual carrier is not required.
® The data imbalance is so great that PCM/PM/NRZ would suffer excessive losses.
® PCM/PM/NRZ has poor bandwidth efficiency, but has best efficiency of residual carrier types.
® Applications requiring a residual carrier should consider this modulation method.
® When using PCM/PM/NRZ, care must be taken to ensure proper data balance.
® MSK modulation is not highly spectrum efficient.
® No specific advantages were found to MSK, save the lack of spectral spikes.
® Bi-¢ modulation has very poor RF spectrum efficiency.
® Bi-0 modulation should not be used unless the symbol transition density is too low.
® This conclusion applies to both PCM/PM/Bi-¢ and BPSK/Bi-¢ modulations.
® Subcarrier modulation tends to waste spectrum and should be avoided whenever possible.
® When used, the subcarrier frequency-to-data symbol rate ratio should be low (< 4).
® CCSDS virtual channels should be used to separate data types.

4.2.4 Spectrum Improvement Conclusions
The following conclusions were reached regarding RF spectrum efficiency improvement:

® Baseband filtering greatly increases the number of spacecraft operating in a frequency band.
® Spectrum utilization efficiency can increase by a factor from 2 to more than 100 times.
® The amount of improvement depends upon modulation method and sideband attenuation.
® This result attains despite non-linear system elements, non-ideal data, and spectral spikes.
® Modulation method should be selected to maximize the Spectrum Improvement Factor.
® Modulation schemes with low Spectrum Improvement Factors should be avoided.
® Modulation method selection should be based on system capabilities, data rates, and SIFs.

CCSDSB20.0-Y-2 Page 1—?%3 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

EFFICIENT MODULATION METHODS STUDY AT NASA/JPL

43 RECOMMENDATIONS

Based upon the results of the Phase 3 Efficient Modulation Methods Study, the CCSDS and SFCG
are encouraged to create and adopt Recommendations specifying the preferred modulation methods.
Because space missions have a broad range of objectives, communication requirements will vary.
Some grouping of applications is necessary before assigning a modulation type.

4.3.1 Mission Classification

One method for grouping applications is by specific attributes. Missions sharing those attributes are
assigned a classification and a modulation method(s) most appropriate to that group are selected.
Where RF spectrum and modulation types are of paramount concern, the telemetry data symbol rate
appears to be the best discriminator. The following classifications are recommended:

4.3.1.1 Low Data Rate (10 s/s - 20 ks/s)

This class includes low rate scientific missions as well as the Telemetry, Tracking, and Command
(TT&C) services for most missions. Turnaround ranging may be required. If it is, subcarrier
modulation may be appropriate (see CCSDS Recommendation 401 (3.3.4) B-1). Ifranging is not
required, then any appropriate modulation type should be acceptable. All mission types operating
in the space services can be found in this class.

4.3.1.2 Modest Data Rate (20 ks/s - 200 ks/s)

Most Category A missions fall in this and the following classification. If space agencies are
serious about reducing RF spectrum requirements, they must use appropriate filtering and
modulation techniques for spacecraft in these classes. Typical missions operate in the Space
Research service and include NASA’s ISTP Wind and ESA’s Integral missions.

The recommended modulation method depends upon whether or not simultaneous telemetry and
turnaround ranging signals are required (see CCSDS Recommendation 401 (3.4.1) B-1). Ifthey
are, a residual carrier modulation method is suggested because users can independently control
the division of power between the carrier, telemetry, and ranging channels. PCM/PM/NRZ is the
most bandwidth-efficient residual carrier modulation method and is recommended provided that
the telemetry data imbalance is less than 5% during a time interval equal to one time-constant of
the Earth station receiver’s phase-locked-loop.

At low data symbol rates, care must be taken with PCM/PM/NRZ modulation to ensure that the
Earth station’s receiver can distinguish between the RF carrier and the spectral components of
the data sidebands. The spacecraft’s modulation index and the Earth station receiver’s phase-
locked-loop bandwidth should be adjusted to ensure proper operation.

If simultaneous telemetry and turnaround ranging is required and the data imbalance is greater
than 5%, then Unbalanced QPSK (UQPSK) is the recommended modulation type. Within limits,
telemetry and ranging powers can be set independently. If sim ultaneous telemetry and
turnaround ranging is not required or where data im balance exceeds 5%, BPSK/NRZ is
recommended.
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4.3.1.3 Medium Data Rate (200 ks/s - 2 Ms/s)

As noted, most Category A scientific missions fall into this and the prior classification.
Generally, such spacecraft operate in the Space Research service allocation. Examples include
NASA’s Polar and ESA’s SOHO miissions.

Because many of these missions are collecting scientific data, simultaneous turnaround ranging
is frequently required. In these cases, PCM/PM/NRZ modulation is recommended, providing the
telemetry data symbol imbalance does not exceed 5% in one time-constant of the Earth station
receiver’s phase-locked-loop. If data imbalance exceeds 5%, then UQPSK can be used.

In this classification, data symbol rates can be as high as 2 Ms/s, so bandwidth conservation is
important. If simultaneous turnaround ranging is not required, then QPSK modulation is
recommended.

4.3.1.4 High Data Rate (2 Ms/s - 20 Ms/s)

Typically, missions with data symbol rates in this range operate in the Earth Exploration Satellite
service. Examples include NASA’s Lewis and the Canadian Space Agency’s (CSA’s) Radarsat
projects. In this and the following classification, RF spectrum limiting becomes imperative.
Decreasing bandwidth utilization by a factor of 10 saves considerably more RF spectrum when
the data symbol rate is 20 Ms/s than is the case when it is 200 ks/s. Both the CCSDS and SFCG
should immediately adopt filtering and modulation Recommendations for these last two classes.

From Figures 4.1-1, 4.1-2, and Table 4.1-1, FQPSK-B or GMSK (BT, = 0.5) modulation are the
clear choices if RF spectrum conservation is important. Modulator modifications may be
required to provide turnaround ranging with either of these modulation types and the ranging
signal will have to be sequential, not simultaneous, with the telemetry data.

4.3.1.5 Very High Data Rate (20 Ms/s - and Above)

Missions with data symbol rates in this range operate almost exclusively in the Earth Exploration
Satellite service. Examples include NASA’s Earth Observation Satellite (EOS) and ESA’s Earth
Resources Satellite (ERS-1). Previous comments regarding bandwidth conservation and
modulation methods apply emphatically to this class. FQPSK-B or GMSK (BT = 0.5) are the
recommended modulation methods.

The CCSDS and SFCG are urged to move with all dispatch to obtain the additional system
performance information for both FQPSK-B and GMSK modulation types. The authors recommend
that tests, using real hardware, be conducted in a carefully controlled environment to validate these
simulations and to measure actual system performance. Recommendations, consistent with Table
4.3-1, should be adopted at the earliest possible opportunity.
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Table 4.3-1: Recommended Modulation Methods for Category A Missions

No. Telemetry Classification Attributes Example Recommended
Classification Missions Modulation Method
1 Low Data Rate Simultaneous telemetry & ranging may be required. TT&C, PCM/PSK/PM (Sine)
10 s/s - 20 ks/s Low Rate Science | Any Appropriate Type
Simultaneous telemetry & ranging required Space Research PCM/PM/NRZ
Data Imbalance < 5% NASA/Polar UQPSK''
2 Modest Data Rate ESA/Integral
20 ks/s - 200 ks/s _ . .
Simultaneous telemetry & ranging not required Space Research BPSK/NRZ
Data Imbalance = 5% CNES/SPOT-4
Simultaneous telemetry & ranging required Space Research PCM/PM/NRZ
3 Medium Data Rate | Data Imbalance < 5% (If = 5%, use UQPSK) NASA/Polar UQPSK''
200 ks/s - 2 Ms/s
Simultaneous telemetry & ranging not required NASA/Image QPSK
4 High Data Rate Simultaneous telemetry & ranging not required Space Research FQPSK *
2 Ms/s - 20 Ms/s NASA/Lewis GMSK?
5 | Very High Data Rate | Simultaneous telemetry & ranging not required EES FQPSK?
20 Ms/s and Above NASA/EOS-AM GMSK ?
NOTES:

1. UQPSK should be used where the Data Imbalance = 5% or when data rates are so low that carrier tracking loop interference can occur.
2. Subject to confirmation of reasonable end-to-end system losses.
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ARXII
BER
Bi-0
B,
BPSK
BT,

BT
Category A
CCSDS
DSN
DTTL
ESA
ESOC
ESTEC
FQPSK
GMSK
HP

Hz

k

kb/s

kHz

ks/s

M

MHZ
MAP
MODEM
MSK
NRZ
OQPSK
PA

PCS

PM

PSK

P,

QPSK
SAW
SER
SFCG
SPW
SRRC
SSPA
Subpanel 1E
Py

e

CCSDSB20.0-Y-2

GLOSSARY

A Research and Development Earth Station Receiver, (Prototype for DSN Block V)
Bit-Error-Rate

Binary-Phase [Manchester] modulation

Receiver phase-locked-loop’s bandwidth, expressed in Hz
Bi-Phase Shift Keying [modulation method]

Bandwidth - Time Product Based on Bit-Period
Bandwidth - Time Product Based on Symbol-Period

A Space Mission whose distance from Earth is less than 2 ¢ 10° km
Consultative Committee for Space Data Systems

Deep Space Network

Digital Transition Tracking Loop

European Space Agency

ESA Operation Center (Darmstadt, Germany)

ESA Technical Center (Noordwijk, The Netherlands)
Feher QPSK [modulation method]

Gaussian Minimum Shift Keying

Hewlett Packard

Hertz

Kilo (1,000)

Kilo Bits per Second

Kilo Hertz

Kilo Symbols Per Second

Mega (1,000,000)

Mega Hertz

Maximum A Posteriori

Modulation-Demodulation

Minimum Shift Keying

Non Return to Zero [format]

Offset QPSK [modulation method]

Power Amplifier

Personal Communications System

Phase Modulation

Phase Shift Keying

Total Power [transmitted]

Quadrature Phase Shift Keying [modulation method]
Surface Acoustic Wave [Filter]

Symbol-Error-Rate

Space Frequency Coordination Group

Cadence Design Systems Inc. Signal Processing Worksystem
Square Root Raised Cosine [Filter]

Solid State Power Amplifier

CCSDS group concerned with RF and Modulation standards
Probability of a Mark [+ 1]

Probability of a Space [- 1]
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1.0 INTRODUCTION

At its September 1997 meeting in Galveston, Texas, the Space Frequency Coordination Group
(SFCG) adopted provisional Recommendation 17-2 dealing with Efficient Soectrum Utilization for
Space Science Services. It did so following a five-year study by the Consultative Committee for
Space Data Systems (CCSDS) which examined bandwidth efficiencies of modulation schemeswhich
the Space Agencies were using or considering for use (References 1, 2, 3, 4 and 5). This study was
begun in 1992 at the request of the SFCG and contributions were provided by: NASA’s Jet
Propulsion Laboratory (JPL), NASA’s Goddard Space Flight Center (GSFC), European Space
Agency’s (ESA’s) European Space Operations Center (ESOC), New Mexico State University, and
the Aerospace Corporation. SFCG Provisional Recommendation 17-2 included a spectrum mask
regulating unwanted RF emissions. Following a 1-year provisional status, SFCG-18 adopted Rec.
17-2R1 SFCG-18 (Reference 6). Recommendation 17-2R1 includes the spectrum mask shown in
Figure 1.0-1 limiting emissions in the 2 and 8 GHz bands.
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Figure 1.0-1: SFCG Spectrum Mask

This mask partitions missions into two types, those with telemetry data rates greater that 2 Mega
symbols per second (Mg/s) and those with rates below 2 Ms/s. The former are constrained to use a
suppressed carrier modulation while the latter are permitted to use either suppressed or residual
carrier. Spacecraft telemetry systemsfor missionsstarting after 2001 should comply with therelevant
mask. Some sort of filtering will be required to meet these masks. At SFCG-18, a question arose
as to whether narrowing the RF spectral bandwidth will increase the susceptibility to interference.
This Phase 4 Efficient Modulation Methods study seeks to determine if that is so.
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Definition of I nterference Susceptibility:
Thelikelihood that another signal source, operating in the same or other allocated frequency band,

will produce an unacceptable degradation to a victim employing bandwidth efficient modulation.

Some SFCG-18 representatives specul ated that narrowing the transmitted RF spectrum will increase
amodul ation type’ sinterference susceptibility. Subsequent to the SFCG’ saction item, thefollowing
Workplan was devised:

"Al18-17/2 Workplan: Interference Susceptibility of Bandwidth Efficient Modulation
Schemes

The action item consists in determining which is the RFI [Radio Frequency Interference]
level that will cause a degradation of 1 dB in link performances. The analysis will be done
for two types of radio frequency interferences (RFI):

I A pure carrier (narrow band case)

I A wide band RFI (TBD)
both centred at the useful signal centre frequency and then at 0.5 x symbol rate from the
centre frequency.

Modulations to be considered are:

Task 17/2-1: Unfiltered BPSK (benchmark)

Task 17/2-2: GMSK BT=0.5

Task 17/2-3: GMSK BT=1

Task 17/2-4: OQPSK filtered with a 6-pole Butterworth filter, BT=1
Task 17/2-5: OQPSK filtered with a SRRC filter, roll-off factor of 0.5
Task 17/2-6: FQPSK

In all cases, the transmitted signal is passed through a non-linear channel, TWTA with 0 dB
backoff.

The report will provide AM/AM and AM/PM characteristics of the TWTA.

It must be noted that the actual performances in the presence of RFI are those of the
receiver and may vary a lot with the chosen design. Therefore, the report will also include
a description of those features in the receiver design which are influential in RFI
susceptibility, e.g., carrier tracking loop, bit synchronizer.”

Subsequent Workplan clarification revealed that a Solid State Power Amplifier, not aTWT, should
be used in this evaluation. The same amplifier used in Reference 4 was selected for this study.

2
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2.0 STUDY DESCRIPTION

Susceptibility to two types of interfering signals was requested by the SFCG: a pure carrier (single
frequency tone) and wide-band RFI (characteristics unspecified). Selecting abroad-band interfering
signd isdifficult becauseit should represent the types of interference to be found in the space science
servicebands. Givencurrently allocated services, such broad-band interferenceislikely to result from
adigitally modulated signal, having a rate of a few megabits per second, and with a power level
smilar tothevictim’s. Moreover, theinterferer isnot likely to employ one of the bandwidth-efficient
modul ation methods permitting frequency assignments to be made with no spectral overlap between
users in their necessary bandwidths. Accordingly, the broadband interferer is expected to be
something like unfiltered Binary Phase Shift Keyed (BPSK) modulation. That modulation type was
used as the broadband interferer for this Phase 4 study.

21 Study Approach

This study was based on a dua approach. First, atheoretical analysis was made to determine the
modul ation type’ s susceptibility to both narrowband and wideband interference. From thisanalysis,
simulations generated curves showing losses to the victim’'s received signal resulting from an
interferer as its frequency separation from the victim signa changes and its relative power to the
victim varies. An analysis was made for each of the modulation types listed in the Workplan.

Where possible, theoretical simulations were verified by smulation of a hardware system. The
hardware smulation’ s sole purpose was to validate the anaytical computations by “ spot-checking”
several points, not to generate complete interference susceptibility curves. Hardware simulations of
the Digital Signal Processor (DSP) employ Hardware Description Language (HDL ), which has been
validated using actual APRX receiver hardware.

211 Transmitting System

Spectra for the severa modulation methods appear in the CCSDS S-CG Efficient Modulation
Methods Study Phase 3 report (Reference 4). In completing this interference susceptibility
analysis, it was desirable to retain the compact spectra measured during that study in order to
comply with the spectrum mask contained in SFCG Recommendation 17-2R1. Therefore, an
attempt was made to use the same, constant envelope, transmitting system employed in Phase 3.

Phase 3 studies demonstrated that the Universal Phase Modulator did well in generating QPSK
but poorly with OQPSK. QPSK is not specified in the Workplan and most of the modulation
methods identified (OQPSK, GMSK, and FQPSK) require an OQPSK modulator. In Phase 3 it
was found that alinear phase modulator, with baseband filtering, produced discrete components
within the comparatively narrow RF spectrum. Conversely, baseband filtering with an In-Phase-
Quadrature (1-Q) modulator significantly reduced spectral spikes but produced alarge amount of
Amplitude Modulation (AM) widening the transmitted RF spectrum. Nevertheless, an 1-Q phase
modulator was determined to be the better choice for Phase 4 (see Section 3.2.1).

3
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2.1.1.1 Baseband Filtering

Phase 3 studies concluded that Intermediate Frequency (i.f.) and post power amplifier filtering
were impractical for several reasons and such filtering will not be considered further here
(Reference4). Thereisalsoachangeinthe Square Root Raised Cosine (SRRC) filter’ sdesign.
Phase 3 simulations assumed a spacecraft data system producing an NRZ signal feeding a
device approximating an SRRC waveform. This mechanization was selected because the
original SFCG study guidelines called for minimum changes to the spacecraft’s hardware,
mandating an NRZ data source.

A proper system generates an impul se which passes through an SRRC filter producing atrue
SRRC waveform. While yielding significantly better performance, this method also requires
modificationsto aspacecraft’ sdatasystem hardware. Sincethe Efficient Modul ation Methods
Study was first begun in the early 1990s, attitudes have changed and hardware modifications
are now acceptable. Therefore, this study generates an SRRC filter in the proper manner,
significantly improving the system’ s performance.

2.1.2 Interfering Signal Types

Figure 2.1-1 graphically depictsthedifferent interferencetypes. Consider an FQPSK-B telemetry
signa having a spectrum centered at f. and awidth of about + 1 Ry at 60 dB below its peak level.
The victim’ sreceiver has a matched filter bandwidth corresponding to the transmitted telemetry
pulse shape. Additionaly, the victim’sreceiver has a phase-locked-loop whose bandwidth does
not vary with signa level. Circled numbers on Figure 2.1-1 identify four interference cases.
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Interference losses are obtained by establishing an initial random phase between the interferer and
victim and computing the degradation in Eg/N,. One hundred such calculations are made, each
with arandom initia phase offset, and at the same victim-to-interferer power level. These Ez/N,
losses are averaged to create asingle point. Points are generated for every 0.1 Ry offset from f..
A smooth curveisfitted through these points representing the average degradation, or expected
value of loss, resulting from the two types of interference.

2.1.2.1 Casel: Narrowband Interference Outside Telemetry Bandwidth

Referring to Figure 2.1-1, Case 1 assumes that signals well outside the main spectral |obe will
besubstantially attenuated by thereceiver’ sfilters. For hardwaresimulationsusing thereceiver
depicted in Figure 2.1-3, anarrowband interferer only affectsthe receiver’ soperation if it isof
sufficient amplitude to cause non-linear operation (e.g., saturation) of a front-end amplifier
whose bandwidth isusually wider than the pre-detection filter. Typicaly, receiver bandwidths
progressively narrow as the signal proceeds through the variousi.f. amplifiers.

Astheinterferer’ sfrequency ismoved from afrequency far fromf. towardf, it eventually falls
withintheLow NoisesAmplifier’ s(LNA’s) bandwidth. If theinterferer’ slevel issufficient, gain
compression can result diminishing amplification of the desired signal. Even if the LNA’s
amplification doesnot decrease, theinterfering signal’ samplitude may beincreased by the AGC
amplifier’s gain following the LNA.

Gains and bandpass filter widths are unique to every receiver and it isimpractical to consider
al combinations. Givenaspecificrecever design, out-of-band emissionsproduce substantially
the same effect, whatever modulation method is used.

Case 1 need not be considered further because the receiver’s behavior is independent of the
modulation type used and the purpose of this study isto compare interference susceptibility of

efficient modulation schemes. |tems common to all modulation types need not be investigated.

2.1.2.2 Case2: Narrowband Interference In Telemetry Bandwidth Far From f.

In this case, the interferer is sufficiently far from the desired signal’ s center frequency (f.) so
that thereceiver filter’ sroll-off servesasaweighting function attenuating the interfering signal
inthe same way that noiseisreduced. For smilar total power levelsof desired signal (Ps) and
interfering signa (P) (i.e., Ps = P), a sgna insde the matched filter’s bandwidth, but
comparatively far from f., has only a small effect on system’s performance.

The amount of the degradation to the desired data signal (Sp) is proportional to power
remaining in the interfering signal (Py,), after attenuation by the receiver filter’s roll-off

characteristic, compared to the total power in the desired signal (P+g) (i.e., Sy < Py / Prg) .
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2.1.2.3 Case3: Narrowband Interference In Telemetry Bandwidth and Closeto f.

Initidly, it was postulated that al losses described in Case 2 are present together with an
additional lossdueto additional lossesinthereceiver’ sphase-locked-loop. Sincethereceiver's
Costas Loop reconstructs acarrier component at f., it was believed that the interfering signal
would cause phase jitter in the reconstructed carrier.

Costas Loop losses, due to narrowband interference, were evaluated at three locations: at f.,
within the Costas L oop’ s bandwidth (at 0.0005 x data rate), and outside the Costas Loop’s
bandwidth but within the matched filter’s bandwidth (at 0.008 x data rate). Figure 2.1-2
resulted from simulations made using the receiver in Figure 2.1-3. Thisfigure shows Costas
L oop phasejitter losses to be substantially independent of the interfering signal’ s location but
very much afunction of the interference-to-signal power ratio.

Although initially surprising, this result could have been anticipated considering the
mechanization of a Costas Loop. A reconstructed carrier is generated by controlling an
oscillator’s phase using an error signa derived from orthogonal 1-Q channels.  Since the
transmitted RF spectrum isgenerated entirely by the data, it isnot surprising that an interfering
signd lying anywhere within the matched filter’ s bandwidth affects the loop’s performance.
The amount of performance degradation depends upon the frequency separation between
victim and interferer and the matched filter’ sroll-off characteristics. The same matched filter
weighting factor argument, affecting interference susceptibility in Case 2 above, applies here.

Case 2 and Case 3arecombinedin thisstudy. A high CostasLoop SNRis assured by the

relative small Costas Loop-Data bandwidth.

2124 Case4: Wideband Interference In Telemetry Bandwidth and Around f.

Wideband interference works in the same ways described above but with the distinction that
it arisesin al three locations simultaneously. The extent to which it degrades the receiver’s
performance is determined by:

I The characteristics of the interfering signa (i.e., power spectral density).

I Theratio of interfering signal power (P) within the receiver filter’ s bandwidth, considering
itsroll-off characteristics, to the desired signal’s power (Ps) in the same bandwidth.

Susceptibility to wideband interference was determined by centering an unfiltered BPSK
interferer, having an equa power to the victim’s, far from the victim’s center frequency (f.).
Theinterferer’ s center frequency isthen shifted towards (f.) so that progressively more of the
interferer’ s signd falsinto the victim’s bandwidth.
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Figure 2.1-2: Costas L oop Narrowband Interference Susceptibility (Har dwar €)
213 Recever Design

The Workplan raises specific questions regarding the receiver’s performance in the presence of
interference. Degradation due to interference need only be considered in the presence of a
receiver. Absent areceiver there will be no interference. How interference affects a receiver
depends upon the receiver’ s design and the position of the interference with respect to the center
frequency of the victim signal.

For purposes of this hardware validation, the receiver Phase-L ocked-Loop’s (PLL’s) bandwidth
was selected to provide a high Signal-to-Noise-Ratio (SNR) of approximately 25 dB. The
telemetry channel employed a Finite Impulse Response (FIR) filter to match the modulated
spectrum. For consistency with the Phase 3 study, and for the reasons set forth in Reference 4,
all losses were evaluated at a1 x 107 Bit-Error-Rate (BER).

Figure 2.1-3 is a simplified block diagram of the recelver used in the hardware simulations.
Named the APRX, it was designed for the EOS AM-1 mission and supports data rates up to 600
Mb/s. Evauating how interference affects receiver performance requires examining several of its
elements. Relevant components will be examined in the sections below discussing different
interference types and modulation methods.
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Figure 2.1-3: Smulated EOS AM-1 Receiver (APRX)

In Figure 2.1-3, adjusting the Local Oscillator (LO) frequencies(e.g., LO-0, -1, and -2) shiftsthe
received signd’s frequency to first an upper and then a lower filter band edge. Successive
filter/amplifier pairs produce aresult equivalent to a single pre-detection bandpass filter. Such a
design permitsfixed bandwidth filters to be used in areceiver which must handle avariety of data
rates. A distributed automatic gain control function ensures sufficient signal amplitude while
avoiding amplifier saturation. The digital portion of this receiver contains a Costas Loop and a
Symbol Tracking Loop capable of handling both BPSK, QPSK, and OQPSK signals.

Unlike the theoretical analysis, the APRX receiver implements an adjustable post detection filter
in the digital signal processor limiting the spectrum to the main lobe. This digital detection
(matched) filter in the APRX is created by the average time-reversed pul se shape of the received
waveform. The pulse shapes of approximately 1,000 random bit-timesare time-domain averaged.
The waveform is then zero-padded and passed through a discrete-time Fourier transform.
Frequency domain detection coefficients are programmed into the APRX. These filters remain
unchanged for all smulations, irrespective of the modulation type being eval uated.

2.1.4 Theoretical Calculationsvs Hardware Simulations

All interference susceptibility calculations are made using atheoretical model. Computationsare
based on abaseband filter, alossless 1-Q modulator (see Section 2.1.1), ESA’ s Solid State Power
Amplifier (SSPA) operatinginfull saturation (Reference4), alosslessreceiver having a“ matched”
filter, and perfect synchronization of both the carrier and symbol tracking loops. Computed
interference susceptibility plots have the word (Theory) in their title.

Hardware simulations model ed the same transmitting subsystem described above but substituted
asimulation model of the receiver (APRX) shown in Figure 2.1-3 for the perfect device used in
the theoretical calculations. Synchronization losses are included. Hardware simulations are
included, where possibleto: 1) validate the theoretical calculationsand 2) provideamorerealistic
measure of system performancewithrea hardware. All interference susceptibility plotsin Section
3 are based on either theoretical calculations, the hardware ssimulations, or preferably both
methods. Plotsbased on simulationswith perfect synchronization are label ed Theory while those
employing the APRX are marked Hardware.
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2.15 Matched Filter

A properly designed matched filter optimizesthe received signal-to-noiseratio by replicating the
pulse shape of thetransmitted signal. It attenuates (weights) an interfering signal in the same way
that it reduces noise. Absent significant spectral spreading by the SSPA, al of the energy
contained in the received spectrum will be recovered while admitting only the minimum amount
of noise.

In Phase 4, thefocusison areceiver’ sinterference susceptibility. Consider acongested frequency
band, such as 2 GHz, where the likelihood of encountering interference is comparatively high.
One can trade power-transfer-efficiency for interferenceimmunity. Thisisbest illustrated with an
example.

The Occupied Bandwidth (99% power containment) of an unfiltered BPSK/NRZ signdl is
approximately + 10 R;. However, 90% of the same signal iscontainedinonly + 1 R;. A receiver
filter with a+ 10 R; bandwidth will recover virtually all of the received energy in the occupied
bandwidth but it will also have some interference susceptibility over a span of at least + 10 R;.

If the receiver filter’ s bandwidth is reduced from + 10 R; to £ 1 R;, then approximately 0.45 dB
of thereceived energy will belost but thereceiver’ sinterferenceimmunity will beincreased so that
aninterfering signa lying between + 1 and + 10 R, will be significantly attenuated. For equivalent
roll-off characteristics, the interference immunity is increased severa fold. System losses will
result from thediscarded received signal energy and anincreasein Inter-Symbol Interference (151).

Absent low noise and/or i.f. amplifier saturation or gain compression resulting from an
interfering signal, a receiver’s performance in the presence of an interfering signal is

determined entirely by itsfilters.
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3.0 STUDY RESULTS

This section summarizes the results found during the CCSDS S-CG Efficient Modulation Methods
Sudy at JPL, Phase 4: Interference Susceptibility. In evaluating filtered OQPSK, the Workplan
specifies a 6-pole Butterworth (BT = 1.0) and a Square Root Raised Cosine (SRRC, « = 0.5)
bandpassfilters. JPL’sEfficient Modulation Methods Sudy: Phase 3 (Reference 4), addressed only
baseband filtering, and utilized 3R° order Butterworth (BT = 2) and SRRC (« = 1.0) low-passfilters.
A Butterworth (BT = 2) filter was selected because losses with a BT = 1 filter were nearly 3 dB,
when using the constant amplitude Universal Phase Modulator, well abovethe 1 dB SFCG guideline.
OQPSK losses were even higher and both were deemed unacceptable. Phase 4 employs an 1-Q
modul ator (see Section 2.1.1 above and Section 3.2.1 below). End-to-end losses with the requested
filters are evaluated in Section 3.2.1.

Phase 4 investigated the following modulation types:

Unfiltered BPSK (Reference Case)

OQPSK using a 3" order Butterworth low-pass filter (BT = 1)
OQPSK using an SSRC low-passfilter (o« = 0.5)

GMSK (BT = 1.0)

GMSK (BTs=0.5)

FQPSK-B

Direct Sequence Spread Spectrum / BPSK

Noor®WDE

Thelatter modulation type was included because some SFCG representatives specul ated that spread
spectrum communications are largely immune to interference and may be even more bandwidth
efficient than those studied during Phase 3. Their inclusionin thisstudy was an effort to place spread
spectrum modulation in their proper perspective with respect to the other types.

3.1 Unfiltered BPSK (Reference Case)

Figure 3.1-1 is the spectrum of an unfiltered BPSK-NRZ signal. It isidentical to the one found in
Figure 3.4-2 in Reference 4. This spectrum is representative of an unfiltered BPSK signal after
amplification by an SSPA operating in full saturation. Clearly, unfiltered BPSK cannot meet the
requirements of either spectrum mask shown in Figure 1.0-1.

Figure 3.1-2a shows the degradation to an unfiltered BPSK signal from the first three cases of
narrowband interference. Figure 3.1-2b depictslossesfrom Case4, wideband interference, described
in Section 2.1.2.4 (see Figure 2.2-1). These plots are based on a matched filter receiver. Data
channdl losses are plotted as a function of the interfering signal’s distance (in Rg) from the victim
signal’ scenter frequency, f.. Different power ratiosfor Interferer-to-Victim Signal (P/Ps) are shown.
Note the similarity in the BPSK-NRZ modulation frequency spectrum in Figure 3.1-1 and the data
loss in Figure 3.1-2a. For a properly designed matched filter, the narrowband interference
susceptibility relationship is similar to the transmitted spectrum plot.
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Note:
The " Degradation in Eg/N," curvesin this section are concerned solely with losses due

to interfering signals. A degradation of 0 dB means that there is no loss due to the
interfering signal. Typical end-to-end losses for the modulation type still apply.
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Figure 3.1-2b: Unfiltered BPSK Susceptibility to Wideband I nterference (T heory)

First Finding:

To afirst order, the receiver’s matched filter’'s characteristics completely determine a modulation
method’ s interference sensitivity function, whether that interferenceisin-band or out-of-band.

A matched filter’s characteristics should correspond to the transmitted pulse shape. Consider a
victim spacecraft using BPSK modulation at a 2 Msps data rate operating in the 2200-2290 MHz
band. Assume further that the victim’'s antenna is aligned with an interferer transmitting an
unmodulated carrier with a power equal to the victim’'s on a channel 5 MHz away. Figure 3.1-2a
shows that the victim'’s receiver experiences a loss of approximately 0.5 dB.

If the matched filter’ s bandwidth isrestricted to = 1 Rg, it is no longer matched to the transmitted
signal and only about 90% of thereceived signal power isadmitted producing alossof approximately
0.45 dB. But, reducing the bandwidth aso substantialy eliminates the receiver’s interference
susceptibility beyond + 1 R;. Whether this is a useful tradeoff depends upon the interference
environment (density, relative signal strength, etc.).

Second Finding:
To minimizeinterference susceptibility, a matched filter’ sbandwidth should be asnarrow as possible

after accounting for the minimum acceptable power transfer, and the maximum acceptable 1Sl.
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Unfiltered BPSK’ s susceptibility to wideband interference is both different from, yet similar to, that
for narrowband interference.  Wideband interference susceptibility curves differ from those for
narrowband interference which has a shape similar to the RF spectrum. That is expected, since the
interfering signal is spread over awide range of frequencies. The similarity liesin the losses outside
the main spectral lobe. For awideband interferer and victim having equal power, separated in center
frequency by + 2.5 R, the victim experiences|osses of about 0.5 dB, the same asfor the narrowband
case. Likewise, for separations of + 1.5 R, there is approximately 1 dB loss in both cases.

Figures 3.1-2aand 3.1-2b are based upon theoretical calculations for unfiltered BPSK and show the
losses resulting from both narrowband and wideband interference. For readers skeptical of such
methods, actual data was obtained from an operating system in JPL’s Telecommunications
Development Laboratory (TDL). The configuration consisted of a Pseudo-Noise (PN) sequence,
modulated as an unfiltered BPSK signal in atest transponder, transmitted and being captured by a
DSN Block V receiver (thereceiver found at DSN stations). A tone (CW) signal (interferer), having
the same power as the victim, was injected into the Block V receiver at various frequency offsets.
The Bit-Error-Rate (BER) performance for the victim is shown in Figure 3.1-3. Good agreement
(0.25 dB) was found when comparing the results from the two methods.
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Figure 3.1-3: Theoretical vs Actual Lossesto an Unfiltered BPSK Victim

Using the 0.8 R, interferer offset curvein Figure 3.1-3, aBER of 1 x 10 (baseline BER for Phase
3) requires an E;/N, of about 8 dB. Comparing with the No RFI curve shows that there is
approximately a 1 dB loss due to a narrowband interferer, having equal power, 0.8 R; away.
Essentially the same value appears in Figure 3.1-2a for the loss at 0.8 R, demonstrating that the
theoretical calculations match actual hardware measurements.
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3.2 Filtered OQPSK

Figure 3.2-1 contains frequency spectra for Offset QPSK (OQPSK) modulation using a baseband
SRRC filter (« = 0.5), an 1-Q modulator (see Section 2.1.1), and ESA’s SSPA operating in full
saturation. The large Amplitude Modulation (AM) component found in 1-Q modulators with
baseband filtering eliminates spectral spikes. Bumps in the spectrum result from a 64-tap Finite
Impulse Response (FIR) filter in the transmitter. The spectrum appears to satisfy SFCG mask
requirements. Notethe reduced sidelobesin Figure 3.2-1 as compared to the reference case (Figure
3.1-1).

10 ! ! ! ! ! ! ! ! !
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Figure 3.2-1: OQPSK Modulation Spectrawith SRRC Filter (o = 0.5))

Section 2.1.1.1 described the proper method for generating an SRRC waveform. The RF spectrum
shownin Figure 3.2-1isthe product of acorrectly generated SRRC waveform and the 1-Q modulator
described in Section 2.1.1. Spectral spreading, due to the AM component in the I-Q modulator, is
clearly evident in Figure 3.2-1.

OQPSK’ ssusceptibility to narrowband interference with Butterworth (BT = 1) and SRRC (« = 0.5)
baseband filtersis shown in Figures 3.2-2a, 3.2-2b, and 3.2-3. Compared to the susceptibility of the
unfiltered BPSK-NRZ reference, it is clear that the interfering signa must be much closer to the
desired signa’s center frequency, f., before significant degradation occurs. With a narrowband
interferer of equal power to the victim, unfiltered BPSK suffers degradations of 0.5and 1 dB at f.
+ 25 Ry and + 1.5 R; respectively, whereas OQPSK, with a Butterworth filter (BT = 1), only
reaches these same levelsat f. £ 0.5 R; and = 0.45 R;.
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Figure 3.2-3:
OQPSK (SRRC, a = 0.5) Susceptibility to Narrowband Interference (Theory)

Substituting abaseband SRRC filter (o = 0.5) for the Butterworth reducesinterference susceptibility
even further. Now, losses of 0.5 and 1 dB occur at approximately f. + 0.37 R; and + 0.35 R
respectively. These results follow from the facts that:

1. OQPSK’s spectrum is more compact than BPSK so the necessary bandwidth is reduced.

2. Baseband filtering rapidly attenuates spectral sidelobes with the result that they are outside
the necessary bandwidth and significant interference will not occur.

Third Finding:
When comparinginterferencesusceptibility of different modulation methods, thosewith morecompact

spectrahavemor einterferenceimmunity than modulation typesregquiringlarger bandwidths, provided
that the receiver has a properly designed matched filter and the spectral width remains narrower at
all levels.

Thisfinding is contrary to the popular belief that the more compact a modulation spectra, the more
susceptible it will be to interference. This erroneous idea can probably be traced to the notion that
spread spectrum modulation has a high degree of interference immunity becauseits signal is spread
over such alarge frequency band that a narrowband interferer has an insignificant effect.
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That generalization is incorrect because the processes of spread spectrum and bandwidth efficient
modulation areentirely different. 1n spread spectrum modulation, aPN code, having achip ratemuch
greater than the data rate (100 to 1,000 times), is mixed with the data to spread the transmitted
spectra over a broad range of frequencies (100 to 1,000 times the origina bandwidth). At the
receiver, alocal model of the PN codeis cross-correlated with the received signal to de-convolvethe
spectrum into that of the original data. This cross-correlation process causes the narrowband
interference to be spread over a broad range of frequencies with the result that it no longer has
significant power within the data bandwidth.

Conversdly, bandwidth efficient modulation smply usesthe power that would have been spread over
alarger range of frequencies and concentrates that same transmitted power in a smaller bandwidth.
When this occurs two things happen:

Corollary 1 to Third Finding:

The power spectral density of a bandwidth efficient modulated signal is increased with respect to a
non-baseband filtered modulation, reducing its susceptibility to a narrowband interferer having the
same total transmitting power.

Corollary 2 to Third Finding:

If the receiver has a properly designed matched filter, there will be virtually no susceptibility to
interference lying outside its bandwidth. Therefore, a narrowband interferer, occurring within the
victim's allocated freguency band, has a lower probability of falling within the victim’s bandwidth.

Figure 3.2-4 depicts the susceptibility of OQPSK modulation with an SRRC (« = 0.5) filter to
wideband interference based on atheoretical analysis. Like those for the narrowband interference,
degradation in Eg/N, is plotted as a function of interferer-victim separation. Seven points were
computed and fitted with the curve shown in Figure 3.2-4. Aswith the other curves in this report,
losses were measured at a BER of 1 x 107 corresponding to an Eg/N, of 8 dB.

Comparing Figures 3.2-3 with 3.2-4 it is clear that a SRRC filtered OQPSK receiver is more
susceptible to a wideband interferer of equal power than to narrowband interference at the same
power. A wideband interferer producesal dB degradation at 0.9 R, whereasthat sameloss occurs
at 0.35 R, when the interference is from a narrowband source. Why that is so becomes clear when
one inspects Figure 3.1-1 showing the spectrum for an unfiltered BPSK signal. Theinterferer’ smain
spectral lobe overlaps the victim’'s main spectral lobe so that there will be energy at the victim’sf..
Limiting the degradation to 0.5 dB requiresthe interferer’ s center frequency to be at least 1 R; from
thevictim’s.
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Figure 3.2-4: OQPSK (SRRC, « = 0.5) Susceptibility to Wideband I nterference (Theory)

3.21 OQPSK Bit-Error-Rate With An 1-Q Modulator

Phase 3 studies demonstrated that the Universal Phase Modulator was unsuitable for OQPSK.
Phase 4 utilized an I-Q modulator. There was suspicion that this change may have rendered the
OQPSK BER measurementsin Phase 3invalid. Therefore, astudy was undertaken to reevaluate
losses with the specified configuration.

Since the bandwidths of both filters were changed from the values used in Phase 3, new BER
curves were generated for a system containing an 1-Q modulator and both baseband 3-pole
Butterworth (BT = 1) and SRRC (« = 0.5) filters. Asbefore, losses were evaluated at a BER =
1 x 1072 ensuring virtually error-free channel performance with the CCSDS concatenated code.

Figures 3.2-5a and 3.2-5b depict BER as a function of the received E;/N, for Butterworth (BT
=1) and SRRC (& = 0.5) filtersrespectively when used in atransmitting system containing anideal
[-Q modulator. Anideal modulator has perfect amplitude and phase balance between the | and
Q channels. CCSDS Recommendations 401 (2.4.14a) B-1 and 401 (2.4.14b) B-1 specify a
maximum amplitude imbalance of 0.2 dB and a maximum phase imbalance of 2 degrees for an
OQPSK modulator. If these worst case conditions occur, the degradation in E;/N, will be about
0.8dB ataBER=1x 1073,

Both Butterworth and SRRC filters producelosses of about 0.6 dB, considerably lower than those
found in the Phase 3 study. However, the Phase 3 study included filtering and synchronization
losses which are not considered in the Phase 4 study.
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During the Phase 3 study, it wasfound that end-to-end | osses and RF spectrum width areinversely
related. Thenarrowest RF spectrum width was obtained with constant envelope modulation. The
Universal Phase Modulator, alinear analog device, has arelatively flat amplitude vs phase shift
characteristic producing a very compact RF spectrum. However, the end-to-end losses were
found to be >3 dB for Butterworth (BTg = 1) and SRRC (« = 1) filters.

Conversaly, 1-Q modulators with baseband filtering have significant AM because the phase shift
is generated by adding the amplitudes of two signals differing in phase by 90 degrees. With a
squarewave input, each leg iseither + 1 at all times. However, narrowband (BT =1 or « = 0.5)
baseband filtering produces a constantly varying amplitude in both legs of the modulator. When
multiplied, the result also variesin amplitude. A signa with alarge AM component amplified by
anon-linear device (SSPA) producessideband re-growth and the transmitted spectrumiswidened.
For this reason I-Q modulators were not used in the Phase 3 study.

Spectral broadening at levels lower than 20 dB below the peak can be observed in Figure 3.2-1
which was produced using a SRRC (« = 0.5) filter. Broadening isthe result of the non-constant
envelope modulation and a fully saturated power amplifier. The resulting spectrum appears to
comply withthe SFCG mask at all levels. ESA’sstudy (Reference 5) placesasimple Butterworth
(BT = 1.2) filter at both an intermediate frequency (i.f.) and after power amplification. Their
study showed that this configuration also meets the SFCG mask requirements.
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3.3 GMSK

Gaussian Minimum Shift Keying (GMSK) is widely used in Persona Communications Systems
(PCS). However, the characteristics of a PCS system differ from those needed in a space sciences
application. Generally, PCS are characterized by strong signals which can tolerate relatively large
end-to-end losses. The inverseistrue for most space missions.

During the Phase 3 Efficient Modulation Methods Sudy, GMSK was found to be one of two
modulation types that was significantly more bandwidth efficient than the others. Systems using
GMSK were determined to have no difficulty in complying with the SFCG mask.

TheWorkplanfor theinterference susceptibility study requested two GM SK filtersbeevaluated: BT,
=0.5and BT, = 0.25. As before, both narrowband and wideband interference susceptibility was
evaluated. Figures 3.3-1a and 3.3-1b show the susceptibility of a GMSK system to narrowband
interference. These Figures are for filter bandwidths of BT, = 1 and BT = 0.25 respectively.

Surprisingly, GMSK (BTg = 0.25) is dlightly more susceptible to narrowband interference than is
OQPSK using an SSRC (« = 0.5) filter. That is evident when comparing Figures 3.3-1b and 3.2-3
where interference degrades GMSK’s E;/N, by 0.5dB at f. + 0.5 Ry rather than at f. + 0.37 R, for
the SRRC filtered OQPSK.

Such an unexpected result precipitated an investigation to explain thisresult. Figure 3.3-2 isthe RF
spectrum for a GMSK modulated signal measured in Phase 3 (Reference 4). The 2-sided spectral
width of SRRC (« = 0.5) OQPSK at 60 dB below the peak is4.8 Rg (Figure 3.2-1) compared to only
2R, for GMSK (Figure 3.3-2). However, at 20 dB below the peak, the respective 2-sided spectrum
widthsare 0.9 Rg and 1.0 R, showing that SRRC filtered OQPSK’ s spectrum near its peak isdightly
narrower than the one for GMSK. It remains narrower at all levels above 20 dB below the peak.
Thisistheregion of greatest susceptibility to interference with the result that anarrowband interferer
beginsto affect GMSK at + 0.55 R, whereas an SRRC filtered OQPSK receiver only detects the
sameinterferer at + 0.4 Rg.

This finding seems to suggest that SRRC filtered OQPSK modulation is superior to GMSK. That
might be so if narrowband interference susceptibility werethe only criterion. Itisnot. The principa
motivation for the Efficient Modulation Methods study is to determine how many more spacecraft
can operate in currently allocated frequency bands without causing mutual interference. It has been
established that an Earth orbiting spacecraft’s telemetry signal, received at a ground station, can
undergo 40 dB of variation in telemetry signal level between its apogee at 1.8 x 10 ¢ km
(approximately L) and its perigee at 18,000 km (2.6 R). ICE (formerly ISEE-3) has undergone
even greater variations upon its return to Earth from deep space.
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Figure 3.3-2: GMSK (BT, = 0.25, 0.5) Spectra

For an interference-free environment, RF spectra of two spacecraft on adjacent frequencies should
not overlap at levelsabove 20 dB below their peak. Reference 4 showed that some spacecraft signal
levels, received at an Earth station, vary by as much as 30 dB from apogee to perigee. Reference 8
notes that space agencies frequently change data rates without adjusting their transmitter power
causing the telemetry data' s signal to vary by as much as 30-40 dB (see Figure A1-2)! Therefore,
adjacent users should be separated in frequency by one-half of the sum of their respective spectra’s
width, measured at a level 80-90 dB (20 dB + 30 db + 40 dB) below the peak. That is clearly
impractical and Reference 4 suggests the spacing be set by the spectral width 60 dB below the peak.

GMSK has a spectral width of 2 R; at 60 dB below the peak whereas SRRC filtered OQPSK is4.8
Rg at the same level. Thus, GMSK permits more than 2.4 times as many spacecraft in a given
bandwidth than does SRRC filtered OQPSK with but a minor increase in interference susceptibility.

Comparing Figure 3.3-3 for GMSK (BT, = 0.25) with Figure 3.2-4 for SRRC (o = 0.5) filtered
OQPSK shows that they exhibit about the same degradation to wideband interference. Both have
about al dB lossat al R, separation.

In summary, interference immunity isonly oneterm in the equation for selecting the best modulation
method. That determination must consider a multiplicity of factors while focusing on the central
objective of the Efficient Modulation methods study - packing the maximum number of usersin a
frequency band having fixed edges while maintaining mutual interference immunity. Highest RF
spectrum utilization will be obtained using modul ation typeswith very narrow spectraat 60 dB below
their peak (see Table 3.5-1 below).
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34 FQPSK-B

In the Phase 3 Efficient Modul ation Methods Study, Feher Quadrature Phase Shift Keying (FQPSK)
modulation, a.k.a. Feher patented OPSK, was found to be the most bandwidth efficient modulation
tested. It was better than GMSK (BT = 0.25). A patent for FQPSK-B and other modulation
schemesis held by Dr. Kamilo Feher and Digcom Inc., El Macero, California

Pursuant to a Technology Cooperation Agreement between Digcom and JPL and Non-Disclosure
Agreements between Digcom and several persons at JPL, Dr. Feher provided the authors with key
proprietary parameters for analyzing the performance of FQPSK-B. A commercialy manufactured
FQPSK-B modem was also furnished by Digcom permitting the authors to verify their smulation
results. FQPSK-B was the only modulation type studied where ssimulations could be validated using
actual hardware.

Figures 3.4-1a and 3.4-1b show FQPSK-B’s narrowband interference susceptibility based on
theoretical computations and hardware simulations respectively. Likethe GMSK (BT = 0.25), the
theoretical performance of FQPSK-B in the presence of narrowband interference (Figure 3.4-1a)
shows its susceptibility to narrowband interference starts at f. + 0.55 R;. For an interferer having
equal power to the victims, a0.5 dB degradation isreached at f. + 0.5 R; and a1 dB loss occurs at
fo £ 0.45 R;. FQPSK-B’s susceptibility to narrowband interference is about the same as that for
GMSK (BTg = 0.25) which experiences a degradation in E;/N, of 0.5and 1 dB at + 0.49 R; and +
0.47 Ry respectively. Neither are quite as good as SRRC (« = 0.5) filterd OQPSK where the
corresponding points occur at 0.37R; and 0.35 R;. FQPSK-B’s dlightly greater narrowband
interference susceptibility than that for SRRC filtered OQPSK is likely due to a sightly broader
spectrum in the vicinity of f.. Please refer to Section 3.3 for the explanation.

Caution:

Thesecomparisonsarebased on theoretical calculationsandtheinvestigators' best estimatesof actual
system performance. Thedifferences noted are second order and well within the uncertainties of the
analytical technigues employed. Readers should treat OOPSK, GMSK, and FOPSK-B as having
approximately equal narrowband interference susceptibility.

Figure 3.4-1b shows FQPSK-B’s narrowband interference susceptibility based on hardware
simulations. Hardware simulations are made at specific pointsand the straight lines connecting those
are not representative of actual system performance between discrete points.  Comparing the
theoretical computations with the hardware simulations produces some interesting observations:

1. The effects of narrowband interference begin at fo + 0.5 R;.

2. At aP/Pq = -3 dB, hardware interference susceptibility is greater than predicted by theory.
3. At aP/Pg = -6 dB, hardware interference susceptibility islower than theory.

4. At aP/Ps=-9 db and below, hardware interference matched theory.
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These observationsrequirean explanation. First, hardware simulations corroborate that narrowband
interference first affects FQPSK-B around f. + 0.55 R;. At greater separations an interferer with
equal power will not affect the receiver provided it includes a proper filter.

Second, the poorer performance shown by the hardware simul ations, when compared with theoretical
caculationsat aP/Ps =-3 dB (and above), ismost likely due to synchronization failure. Recall that
theoretical computationsassumeidea synchronization whereas hardware simulationsare based upon
the APRX receiver shown in Figure 2.1-1 which does include synchronization losses. At high
interferencelevels, synchronization | osses can be expected to increase significantly. Someof thisloss
may result from the filtering used in the receiver which was optimized for Butterworth filtered
OQPSK but not for FQPSK-B.

Third, the more interesting case is the better performance shown by the hardware smulations at a
P,/P5 = -6 dB and below as compared with theoretical computations. Again one must examine the
filtering in the APRX. Thisfilter matches an average of the transmitted spectrum and is narrower
than the "matched” filter used in the theoretical simulations. While narrowband interference
susceptibility is reduced, the end-to-end losses are increased and were not measured for this study.
Essentiadly, the filter built into the APRX isfiltering the signal as well as the interference.

Figure 3.4-2 compares FQPSK-B’ s susceptibility to wideband interference with Butterworth filtered
OQPSK. They are based on hardware smulations. FQPSK-B is aways better than OQPSK, by as
much as 3 dB at low values of P/Ps. Moreover, FQPSK-B experiences aloss of approximately 10
dB for a P/Pg = -5 dB which corresponds to the value found in the narrowband interference case.
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Figure 3.4-2: FQPSK-B Susceptibility to Wideband I nterference (Hardware)
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34.1 Special FQPSK-B Study

A special JPL study was undertaken in support of the Advance Range Telemetry (ARTM) Project
at Edwards Air Force Base (EAFB). Personnel designing thisnew missilerangetelemetry system
were interested in FQPSK-B because it permits more users to operate in the allocated band than
is possible with their present modulation method. One of their principal concerns was Adjacent
Channdl Interference (ACl). Although thereport describing the study resultsisnot public because
it contains proprietary Digcom information, it ispossibleto provide some of thefindingsfrom that
independent study.

ARTM'’s goals are similar to those of the CCSDS S-CG Efficient Modulation Methods Study:
how can more independent users be packed into a given bandwidth without sacrificing
interference immunity? ARTM personnel believed that Adjacent Channel Interference (ACI) is
the key parameter for determining amodulation type' s susceptibility to interference from another
signal. Thisstudy also addressed that question. ACI implies another user, transmitting data on
an adjacent RF frequency. If the frequency separation is insufficient, there will be interference
degrading the victim'’s telemetry performance.

There is a key difference between this study and the one for ARTM. This Phase 4 study uses
unfiltered BPSK asthe wideband interferer whilethe onefor ARTM used alikesignal. Thus, the
ARTM study used adjacent FQPSK -B signal s to determine the minimum separation between two
users transmitting the same data rate.

Figure 3.4-3 shows the ACI (in dB) as a function of signal separation for two receiver filters
having different roll-off characteristics. Since actual FQPSK-B filter parameters are Digcom
proprietary, the complete set of characteristics cannot be listed. It is sufficient to note that the
sharper the roll-off, the lower the ACI. For two FQPSK-B signals of equal power spaced 1 Ry,
apart, a receiver having the filter with the more gradual roll-off only permits 1/10,000th of the
adjacent channel’ s power to enter the victim'’ sreceiver.
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A moredramatic pictureof interferenceimmunity isshownin Figure 3.4-4. Bit-Error-Rate (BER)
is plotted as a function of received signal power (Eg/N,) for two FQPSK-B signals placed 1 Ry
apart. Here, theinterferer’ ssignal power is20 dB stronger than thevictim’'s. Referringtotheline
representing a BER 1 x 1073, it can be seen that the victim suffers only about a1.1 dB lossin a
receiver having a4-Polefilter and approximately a 0.9 dB lossif the receiver has an 8-Polefilter
with asharper roll-off. Thereisno doubt thisisdueto thevery steep attenuation of the FQPSK -B

spectrum.
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3.5 Spread Spectrum

Although not a part of the Workplan (see Section 1), a cursory look at spread spectrum
communicationsisincluded in thisPhase4 report. It isincluded because some membersof the SFCG
speculated that the properties of spread spectrum modulation are superior to those of bandwidth
limited modulation. One representative to SFCG-18 expressed the opinion that spread spectrum
communications could actually be “more bandwidth efficient” than the modulation types studied by
the CCSDSin their Phase 3 report.

The principal focus of this Phase 4 study is interference susceptibility; however, as noted in Section
3.3, this is but one consideration. The better question is: Which modulation type permits the
maximum number of usersin afrequency band having fixed edgeswhileproviding mutual interference
immunity? The following information addresses some of these issues.

A Direct Sequence Spread Spectrum (DSSS) signal isgenerated by mixing aPseudo Noise (PN) code
withthedata. Inthereceiver, theinverse processoccurswhen alocal model of the PN codeiscross-
correlated with thereceived signal. After thelocal model’s PN code phaseisaligned with that in the
received signal, the spread spectrum is de-convolved to that of the original data.

Theoretically, multiple spread spectrum signals can be overlain, provided that the PN codes are
mutually orthogonal so that their cross-correlation is 0. Individual receivers perform the cross-
correlation process described above with result that several channels can all occupy the same
frequency spectrum.

A PN code' shit rateistermed the chip rate and the information data-to-chip rateratio isan important
parameter. Termed the processing gain, this parameter determines the amount of spectral spreading
that occurs. Typica valueslie between 100 and 1,000. The higher the processing gain, the greater
the immunity to interference but the wider the necessary bandwidth. DSSS binary phase shift keyed
modulation’ s spectrawill have the familiar Sin x/x form with nulls at 1/chip period and lines spaced
at 1/chip repetition period.

Assuming that spread spectrum transmissions must lie within the allocated frequency band and that

filtering is employed to limit the transmitted spectrum to only the main lobe, maximum permitted
symbol rates for a spread spectrum system can be computed using the relationship:

@Allocated Bandwidth(] € 2 for OQPSK (]

Data Rate = A 1X A (
8 Processing Gain H @2for sidebandsH

If arate Y2 convolutional code is used, the information datarate will be reduced by half. Moreover,
these values assume asingle user is permitted to spread hissignal over the entire 90 MHz bandwidth
when operating in the 2 GHz band and over the entire 50 MHz bandwidth when in the 8 GHz band.
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When multiple spread spectrum channels are “stacked”, signals with orthogonal cross-correlation
properties appear as noise in other than the intended receivers. This has the effect of degrading the
Signa-to-Noise-Ratio (SNR). Theamount of degradation dependsupon the spread spectrumsignal’s
power spectral density and the victim receiver’s system noise temperature and explains why larger
processing gainsare preferred. Accordingly, thereisalimit to the number of spread spectrum signals
that can overlay each other.

Fourth Finding:
As a practical matter for a processing gain of 1,023, about 300 Direct Sequence Spread Spectrum

signals can overlay one another before the additive noise level in a victim receiver, operating at an 8
dB SNR, becomes excessive (Reference 7).

Thiscomparatively small number appearsto beinconsi stent with the PCSindustry’ sexperience. But,
there aretwo differences. First, cell phones have acomparatively low information data rate so that,
even when their signals are spread, a single user’ s signal does not require the entire allocated band.
Cdll phone users can be stacked side-by-side as well as vertically. Second, spacia diversity makes
it unlikely that more than the acceptable number of users will be attempting to reuse the same
frequency in the same cell at the same time.

Figure 3.5-1 shows a DSSS system’s BER as a function of received signal strength (E;z/N,), in the
presence of narrowband RFI, for three different processing gains: 31, 127, and 1023. Theinterferer
isspaced 1 R, from center frequency of the DSSS system and has equal power.

Two points are worth noting. First, a DSSS system’s performance in the presence of narrowband
interference is very much afunction of its processing gain, the higher the better. Second, the figure
suggeststhat aminimum processing gain of 100 isrequired unlesslarger lossesfrom interference and
fewer independent channels can be tolerated.

Thisfinding is corroborated by Figure 3.5-2 which shows the degradation in Ez/N, as a function of
separation between interferer and victim for wideband RFI. Degradation is independent of the
separation (see explanation in Section 3.2) and is essentially O dB for a processing gain of 1023, 0.5
dB for again of 127, and 1.3 dB for again of 31. A curvefor unfiltered, ideal BPSK isincluded for
reference purposes and is equivalent to the O dB curve in Figure 3.1-2b.

Comparing Figure 3.5-1 with Figure 3.2-2b for SRRC filtered OQPSK, in the presence of a
narrowband interferer having equal power, yieldsaninteresting finding. For anarrowband interferer
and alx 10 BER, aDSSS system, with a processing gain of 127 or lower, will equa or exceed a
0.5 dB loss at any frequency separation between victim and interferer. A filtered OQPSK systemis
only susceptible when the narrowband interferer iswithin 0.5 R;.
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3.5.1 DSSS Spectral Efficiency

The principal purpose behind the Efficient Modulation Methods Sudy was to identify those
modulation methods permitting the maximum number of independent users to operate
simultaneoudly in a specified bandwidth. Given the speculations put forth in SFCG-18, it would
be interesting to compare DSSS systems with one of the more bandwidth efficient modulation
schemes studied in Phase 3. This analysis of the two systems compares two parameters.

1. The maximum number of users that can simultaneously operate in a fixed bandwidth.
2. The maximum number of bits per second that can be returned on the link.

The study aso includes the following assumptions:

1. Usersoperateinthe Category A mission 2 GHz band allocated to the Space Research service.
2. All spectral emissions must be within the 90 MHz allocated band but may use the entire band.
a) DSSS users must filter to transmit only main spectral lobe.
b) FQPSK-B users are packed side-by-side at 1 R, with no additional filtering.
3. The maximum bit-rate for the DSSS system is given by:
[(Allocated Bandwidth / Processing Gain) x (2 for OQPSK / 2 for sidebands)].
= Allocated Bandwidth / Processing Gain.
= 708,661 bps for a processing gain of 127.
= 87,977 bps for a processing gain of 1023.
4. The maximum number of equal power DSSS users that can be “overlaid” is (Reference 7):
a) 37 for aProcessing Gain of 127.
b) 75 for aProcessing Gain of 255.
¢) 150 for aProcessing Gain of 511.
d) 300 for aProcessing Gain of 1023.
5. Maximum number of simultaneous independent FQPSK-B usersis given by:
[(Allocated Bandwidth / Data Rate) x (2 for OQPSK / 2 for sidebands)]
= Allocated Bandwidth / Data Rate
6. Evaluationsmadeat aBER=1x 107,
7. Adjacent channel interference shall not exceed 1 dB.

Study results for a DSSS system operating in the 2 and 8 GHz bands Space Research (SR) and
Earth Exploration Satellite (EES) services are summarized in Table 3.5-1. Several observations
can be made regarding a DSSS system’ s application to a space science mission:

1. DSSS systems are useable only at low data rates and have a
a) Maximum data rate of 709 kbpsin 2 GHz Soace Research service allocation.
b) Maximum data rate of 394 kbpsin 8 GHz Sphace Research service alocation.
¢) Maximum datarate of 2.95 Mbpsin 8 GHz EES service alocation.
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Table 3.5-1: Comparison of DSSS and FQPSK-B Channel Capacities

Band ITU Allocated DSSS Max. DSSS | Max. Simul. | Max. DSSS| MaxNo. | Max. FQPSK-B| FQPSK/DSSS
Allocated | Bandwidth | Processing| DataRate | DSSS Users| Band Cap. | FQPSK-B Band Cap. Band Cap
(GHz) | Service, (MHz) Gain (Kbps) (No.), (Mbps) Users (Mbps) Ratio
2 SR 90 127 709 37 26 127 90 34
2 SR 90 255 353 75 26 255 90 34
2 SR 90 512 176 150 26 512 90 34
2 SR 90 1023 88 300 26 1023 90 34
8 SR 50 127 394 37 15 127 50 34
8 SR 50 255 196 75 15 255 50 34
8 SR 50 512 98 150 15 512 50 34
8 SR 50 1023 49 300 15 1023 50 34
8 EES 375 127 2,953 37 109 127 375 34
8 EES 375 255 1471 75 110 255 375 34
8 EES 375 512 732 150 110 512 375 34
8 EES 375 1023 367 300 110 1023 375 34
Notes:
1. SR = Space Research service; EES = Earth Exploration Satellite service.
2. Based ona 8 dB SNR; BER =1 E-3 (Reference 7)

2) DSSS systems are not very user efficient. Atalx 102 BER, there can be nearly 3¥42times as
many users in an allocated band if they use FQPSK-B rather than DSSS modulation.

3) DSSS systems are not very bandwidth efficient. At a1 x 10° BER, an FQPSK-B system can
move nearly 3%z times more bitsin afixed bandwidth per unit time than can a DSSS system.

From these observations, it is clear that DSSS systems may have application in spreading the
spectrum to meet Power Flux Density (PFD) requirements, but only if bandwidth efficiency and
datatransfer efficiency are not top priorities. Generally, PFD will only be aconcern on space-to-
Earthlinkswhenresidua carrier systemsareused. SFCG Recommendation 17-2R1 requiresusers
of data symbol rates above 2 Msps to use suppressed carrier modulation. Data rates typicaly
found in suppressed carrier modul ation systemsare very unlikely to exceed PFD limits, even when
they employ bandwidth efficient modulation methods.

Eifth Finding:

DSSS modulation is not appropriate for any space mission transmitting a telemetry data rate in
excess of 2 Msps and which is covered by SFCG Recommendation 17-2R1.
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4.0 SUMMARY AND CONCLUSIONS

Asrequested in the Workplan contained in Section 1, this study has examined the several modulation
methodsfor their susceptibility to both narrowband and wideband interference. Pursuant to arequest
inthe Workplan, narrowband and wideband interference susceptibilities were determined by analysis
and smulation. Where possible, they were confirmed by hardware simulations or actua
measurements. Table4.0-1 summarizesthe narrowband interference susceptibility for several losses
from 0.25to 1.0 dB. Table 4.0-2 provides the equivalent values for wideband interference.

Table 4.0-1: Data Degradation From Narrowband I nterference of Equal Power (Theory)

Modulation Minimum Interference Offset from f. for Specified Data Loss*
Type 0.25dB Loss | 0.50dB Loss | 0.75dB Loss | 1.00dB Loss
Unfiltered BPSK-NRZ +25R, +1.7R, +16R, +15R,
OQPSK (BW, BT, = 1) +0.7 R, +0.47 R, +0.45 R, +0.43R,
OQPSK (SRRC, a = 0.5) + 0.38 Ry +0.37 Ry +0.36 Ry +0.35R,
GMSK (BT, = 0.5) +0.6 R, +0.58 R, +05R, +0.53 R,
GMSK (BT, = 0.25) +0.52 R, +0.49 R, +0.47 R, +0.46 R,
FQPSK-B +0.52 R, +0.49 R, +0.46 R, +0.42 R,
Spread Spectrum? Never Never Never Never

NOTE:

2. Based on a Processing Gain of 1023.

1. Based upon equal powersin interfering and desired signals.

Table 4.0-2: Data Degradation From Wideband I nterference of Equal Power (Theory)

Modulation Minimum Interference Offset from f. for Specified Data Loss*
Type 0.25dB Loss | 0.50dB Loss | 0.75dB Loss | 1.00dB Loss
Unfiltered BPSK-NRZ + >3 R; +25R; +24Rg +18R;
OQPSK (BW, BT =1) +1.05 Ry + 0.96 Ry + 0.88 Ry + 0.8 R,
OQPSK (SRRC, a =0.5)? +1.3R; +10R; + 0.93 Ry +09R;
GMSK (BT = 0.5) +1.3R; +1.18 Ry +1.12 Ry +1.09 Ry
GMSK (BT; = 0.25) +1.06 Ry + 0.98 Ry + 0.90 Ry + 0.85 Ry
FQPSK-B? + 0.79 Ry +0.77 Ry + 0.75 Ry +0.72 Ry
Spread Spectrum® Never Never Never Never
NOTE: 1. Based upon equal powersin interfering and desired signals.
2. Based on hardware simulation.
3. Based on a Processing Gain of 1023.
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Susceptibility of a victim receiver to narrowband interference of equal power is approximately the
samefor al filtered modulation types save SRRC (« = 0.5) OQPSK (Table 4.0-1). OQPSK appears
better for aninterferer of equal power to the victim because OQPSK’ smain spectral |obeissomewhat
narrower than either GMSK’s or FQPSK’ s down to alevel of 20 dB below the peak. Theresfter, it
becomes much wider than either GMSK or FQPSK-B. Section 3.3 explains why this apparent
advantage is not useful for space science missions.

The susceptibility of filtered modulations to wideband interference also tends to be grouped with
FQPSK-B being dightly better than the others. It remainsto bedemonstrated whether that advantage
results from hardware simulations rather than atheoretical computation. A somewhat similar result
wasfound for hardware simulationsof Butterworth (BT¢=1) filtered OQPSK and it appearsdightly
better than SRRC (« = 0.5) filtered OQPSK. Itislikely that all are quite smilar.

Spread spectrum modul ation hasvirtual immunity to narrowband and wideband interference provided
the processing gainis high (1023). At lower processing gains (31) the interference susceptibility of
spread spectrum modulation to either narrowband or wideband interference increases sharply.

All filtered modulation types have less susceptibility to interference than doesunfiltered BPSK. That
disparity becomes ever more evident asthe interferer’ s power increases with respect to the victim'’s.
Considering the space science applications described in Section 3.3 and Reference 4, approximately
2.4 times as many FQPSK-B (or GM SK) users can be packed into an allocated frequency band than
is possible with either SRRC (« = 0.5) OQPSK or DSSS modulation, without any concern about
mutual interference (Table 3.5-1).

Several other observations were made throughout the several sections of this report. They are
repeated here for the convenience of the reader.

1.  Definitionof Interference Susceptibility:  Thelikelihood that another signal source, operating
in the same or other allocated frequency band, will produce an unacceptable degradation in
Eg/N, to avictim employing bandwidth efficient modulation.

2. The amount of the degradation to the desired data signal (S;) is proportional to power
remaining in the interfering signal (P), after attenuation by the receiver filter's roll-off
characteristic, compared to the total power in the desired signal (Prg). (Sp =< P,/ Py,

3. Absent low noise and/or i.f. amplifier saturation or gain compression resulting from an
interfering signal, areceiver’ sperformancein the presenceof aninterfering signal isdetermined
entirely by itsfilters.

4. To a firgt order, the receiver’s matched filter's characteristics completely determine a
modulation method’ s interference sensitivity function, whether that interference isin-band or
out-of-band.
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10.

11.

12.

13.

To minimize interference susceptibility, a matched filter’ s bandwidth should be as narrow as
possible after accounting for the minimum acceptable power transfer, and the maximum
acceptable IS].

When comparing interference susceptibility of different modulation methods, those with more
compact spectra (smaller necessary bandwidths) have more interference immunity than
modulation types requiring larger bandwidths, provided that the receiver has a properly
matched filter.

The power spectral density of abandwidth efficient modulated signal isincreased with respect
to a non-baseband filtered modulation, reducing its susceptibility to a narrowband interferer
having the same total transmitting power.

If the receiver has a properly designed matched filter, there will be virtualy no susceptibility
to interference lying outside its bandwidth. Therefore, a narrowband interferer, occurring
within the victim’'s alocated frequency band, has a lower probability of faling within the
victim’s narrower bandwidth.

For equally received power from interferer and victim, SRRC (o« = 0.5) OQPSK permits
dightly tighter user packing; however, when distances vary so that the received powers are
unequal such as is found in space applications, then about 3%z times more GMSK and/or
FQPSK-B users can be placed in aband than is possible with OQPSK modulation.

As a practical matter for a processing gain of 1,023, about 300 Direct Sequence Spread
Spectrum signals can overlay one another before the additive noise level in avictim receiver,
operating at an 8 dB SNR, becomes excessive (Reference 5).

DSSS systems are not very user efficient. Atalx 10° BER, there can be nearly 3¥2times as
many users in an allocated band if they use FQPSK-B rather than DSSS modulation.

DSSS systems are not very bandwidth efficient. Atalx 10° BER, an FQPSK-B system can
move nearly 3%z times more bits in afixed bandwidth per unit time than can a DSSS system.

DSSS modulation is not appropriate for any space mission transmitting a telemetry data rate
in excess of 2 Msps, which must operate in the 2 and 8 GHz Space Research or Earth
Exploration Satellite services and which is covered by SFCG Recommendation 17-2R1.

The research described in this paper was carried out by the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space Administration.
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GLOSSARY
BER Bit-Error-Rate
BPSK Binary Phase Shift Keyed
BT Bandwidth-Time (factor specifying filter bandwidth)
CCSDS  Consultative Committee for Space Data Systems
DSN Deep Space Network
DSP Digital Signal Processor
DSSS Direct Sequence Spread Spectrum (modul ation)
ESA European Space Agency
ESOC European Space Agency Center
fe Center (or Carrier) Frequency
FIR Finite Impulse Response (filter mechanization)

FQPSK  Feher Quadrature Phase Shift Keyed (modulation method)
FQPSK-B A Special Configuration of FQPSK

GMSK Gaussian Minimum Shift Keyed

GSFC Goddard Space Flight Center

HDL Hardware Description Language

[-Q In-Phase-Quadrature (modulator mechani zation)

1SI Inter-Symbol Interference

JPL Jet Propulsion Laboratory

ksps Kilo-symbols per second (1 x 102 symbols per second)

Msps  Mega-symbols per second (1 x 10° symbols per second)
QPSK Quadrature Phase Shift Keyed
OQPSK  Offset QPSK (¥2-bit-time offset)

PCS Personal Communications System

PFD Power Flux Density

P/Pg Ratio of Interferer’s Total Transmitted Power to Victim’s Total Transmitted Power
PSD Power Spectral Density

NASA National Aeronautics and Space Administration

NRZ Non Return to Zero

Rg Freguency Span Corresponding to 1/Data-Bit Period

RFI Radio Frequency Interference

SFCG Space Freguency Coordination Group

SRRC Square Root Raised Cosine [filter]

SSPA Solid State Power Amplifier

TDL Telecommunications Development Laboratory (located at JPL)
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Bandwidth-Efficient Modulation Schemes
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Abstract

Butterworth and Square-Root-Raised-Cosine (SRRC) filtered OQPSK, and GMSK
modulations are compared over AWGN and nonlinear channels. The purpose of this work is
to help finding out the most suitable modulation scheme for the increasingly crowded
frequency bands available for space research missions. Both end-to-end losses and power
spectral density curves will be derived.

1 Introduction

In the frame of the development of a worldwide standard for inter-operable
modulation techniques to be used for space missions, a number of suitable modulation
schemes are under investigation for possible adoption at CCSDS. Among these, the
following modulations have been studied by both ESA and NASA [1], [5], [7], [10]:

e square-root-raised-cosine (SRRC) filtered OQPSK with roll-off factor 0.5
e Butterworth (6-pole) filtered OQPSK with B7=1.0
e GMSK with BT,=0.25, BT, =0.5 and BT, =1.0

This paper describes the results of the ESA work in determining end-to-end system
losses for the above schemes over the non-linear satellite channel. The same nonlinear
amplifiers considered in [1] are assumed; moreover, for sake of completeness, also the
case of a simple linear AWGN (Additive White Gaussian Noise) is included.

The effect of coding is not addressed in this paper. Work is, however, on progress and
the first results of end-to-end losses for a CCSDS encoded channel are planned to be
presented at the Spring 2000 meeting of CCSDS P1E.

: COREDP, Politecnico di Torino
2 ESOC, European Space Agency
? Dipartimento di Elettronica, Politecnico di Torino
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2 Transmission schemes

Each of the following subsections describes one of the considered schemes. Valid for
all the modulation schemes is the assumption that the receiver carrier and clock
recovery subsystems are perfect (synchronized system performance.)

The information bits are generated at rate 1/7, and zeros and ones are equally likely.

The power spectra of the considered modulation in a linear channel are compared in
Figure 2.

Unfiltered BPSK (benchmark)

The BPSK (Binary Phase Shift Keying) transmitted signal has complex envelope

%(t)=\JE, Yau(t—kT)

k=—c0
where a, € {x1} and w(1)=1/Tu,(t), with wu,(t1)=1 for 0<t<T, and
u,(t)=0 elsewhere, and E; is the energy per bit; in this case the symbol interval T’

(or Ts) is equal to the bit interval Tp.

The receiver generates the complex envelope 7(7) of the received signal, passes it
through the matched filter with impulse response w(¢), samples at times n7+7, and
takes the decision on a, with a zero-threshold detector.

Butterworth-filtered OQPSK

The OQPSK (Offset Quadrature Phase Shift Keying) transmitted signal has complex
envelope
X(t)=4E, [ Zamg(f—kT)+jak,1g(t—kT—T/2)}
Jr=—oo
where both a;z and a; take values in{*1}, T = Ts = 27T} is the symbol interval, and

g(1) is the convolution of ur(?) and the impulse response of a 6-pole Butterworth filter

with 3-dB bandwidth equal to 1/7.

2
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The received complex envelope is passed through an Integrate and Dump filter with

impulse response +/1/Tu,(t), the real component is sampled at times 7y + n7, while

the imaginary part is sampled at times 7y + n7T + 7/2, where instant ¢, is that of

maximum eye opening. A threshold detector takes the decisions on a,r and a, ;. The

eye pattern of the in-phase component of the signal at the output of the receiver filter
is shown in Figure 3.
With respect to ideal BPSK, the losses due to intersymbol interference (ISI) in a linear

channel are 0.44 dB at P(e)=10"", 0.52 dB at Py(e)=107, 0.60 dB at Px(e)=10".

SRRC-filtered OQPSK

The transmitted signal has complex envelope
X(t)=\E, |:zak,RW(t_kT)+jak,ll//(t_kT_T/2):|
J=—oo
where a;x and ay; take both values in {1} and y(¢) is the impulse response of a
square-root-raised cosine (SRRC) filter with roll-off factor 0.5. The transmitted
signal power spectrum is shown in Figure 2, and it is apparent that SRRC-filtered
OQPSK in a linear channel is the most bandwidth efficient modulation among those

considered in this paper.

Two receivers are assumed: the first using the matched filter with impulse response

w(t) (SRRC-a), the second using an Integrate and Dump filter with impulse response

JYTu,(t) (SRRC-b).

The sampling is performed at the maximum eye opening and a zero-threshold detector

takes the decision. The eye patterns at the output of the receiver filters for the SRRC-a
and SRRC-b cases are shown in Figure 4 and Figure 5.

SRRC-a has the same performance as ideal BPSK in terms of bit error rate in a linear
channel, while SRRC-b suffers from a loss of 0.59 dB at Pb(e)=10'1, 0.61 dB at
Py(e)=107, 0.65 dB at Py(e)=107, due to ISI.

3
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GMSK

Three GMSK (Gaussian Minimum Shift Keying) signals are considered, with
normalized bandwidth BT, = 0.25, BT, = 0.5 and BT}, = 1.

Their performance is assessed in the presence of two possible coherent receivers, the

first based on a 4-state Viterbi detector, the second one on a simple threshold detector.

A precoder is used prior to the modulator in both cases ([4]-[5]) to reduce the bit error

probability due to the inherent differential encoding of GMSK.

If d, e {+1} is the k-th symbol to be transmitted, then the precoder outputs

a, =(-1)"d, d,_,; the resulting GMSK complex signal can be approximated with the

first two terms in the Laurent decomposition [2]:

X(t)= \/E_b|: zejEAM Co(t—KkT, )+ ejEAM' G (t_ka):|a

f=—oco

where

k

Ay, = zam = Ay T ay,

m=—oco

k
A, = zam —a, =4y, +a,

Cy(t) and Cy(¢) are waveforms of duration (L + 1)T, and (L - 1)7}, respectively, being
L = 4 sufficient to make the above approximation very stringent for BT}, = 0.25. The
analytical evaluation of Cy(f) and C;(¢) is treated in [2]. With the use of the following

definitions:

T
exp[.] 5 AO,Zn] = d2n >

. .U
-J exp[] 5 A0,2n+1] =d,,..
we get

X(t)= \/E_b|: ZdZn Co(t—2nT,)— jd,, ,d,,d,, Cl(t_znTb):|+

n=—oco

+ \/E_b|: 2jd2n+l Co(t=2nT,-T,)—d,, d,,d,,., C(t—2nT, - Tb):|'

n=—oco

4
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The optimum receiver ([3][4][5]) must find the maximum among the likelihood ratios

A= [F)F (1))
where 7(t) is the complex envelope of the received signal, and X, () is the

conjugate of the complex envelope of the i-th possible transmitted signal while R{ }

denotes the real part. It can be easily shown that

A= z)ti(n)

where
wo=ies] - 24 [ vew -2 4 | |
A (Zn) = dz(i) 9{{”o,zn }+d2(;),2 dz(;)—l dz(i) 3{,/.1,271}
2"i (2n + 1) = dZ(:lfrl SI{{I/‘O,2n+l }+d2(}l1)—1 d2(il) dZ(}l't)Jr] S{ri2n+l}
being

o = | F(1)Cy(t=nT )t

n, = [F(1)C(1=nT .

Thus the receiver is made of two input filters (with impulse responses Cy(-f) and

C(-t)) followed by a sampler at times »n7 and a Viterbi detector with 4 states and

branch metric A,(n) (see Figure 1), which takes two different expressions on even

and odd values of n. In any case, the branch metric evaluation requires a simple
addition or subtraction, and the Viterbi detector is very simple and fast.

If the second component C,() is neglected too, X(z) looks like an OQPSK signal

with symbol period 7= 27 and baseband waveform Cy(7); thus a receiver made of a

5
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matched filter with impulse response Cy(-#), a sampler and a threshold detector can be

used, as for the OQPSK signals of the previous sections ([4]). Notice that, by
neglecting the second component, part of the transmitted energy is lost, and that ISI
arises, since Cy(#) does not satisfy the first Nyquist criterion. The eye patterns of the
in-phase component of the signals at the output of the matched filters Cy(-¢) are shown
in Figure 6, Figure 7, and Figure 8 for the cases BT}, =0.25, 0.5, and 1, respectively.

Thus GMSK can be seen either as a CPM binary modulation with symbol interval 7 =
Ty, or as a quaternary OQPSK modulation with symbol interval 7 = 27;, which
generates some confusion. In the following, we will consider T = T}, as in the original
definition of GMSK signals [6]; however, in order to avoid confusion, we will use the

unambiguous bit interval 75 most of the time.

For BT, = 0.25, the error probability evaluated with the threshold detector is higher
that that obtained with the Viterbi detector, as shown in Figure 9, due to the presence
of strong ISI (Cy(7) alone does not obey the Nyquist criterion) as evidenced in Figure
6. The losses with respect to ideal BPSK are 0.10 dB at Py(e)=10", 0.11 dB at
Py(e)=107, 0.19 dB at Py(e)=10" with the Viterbi detector, while they are equal to
0.23 dB at Py(e)=10", 0.64 dB at P(e)=107, 1.06 dB at Py(e)=10" with the threshold
detector. The losses for the Viterbi detector receiver are deemed to be a result of the
fact that the Laurent decomposition into only two components may just be at the limit

of validity for BTb=0.25. [11]

For BT, = 0.5, the error probability evaluated with the threshold detector is
substantially equal to that obtained with the Viterbi detector, as shown in Figure 9, at
least for BER higher or equal to 10~. The losses with respect to ideal BPSK are 0.01
dB at Py(e)=10"", 0.02 dB at P»(e)=107, 0.03 dB at Py(e)=10".

For BT, = 1, the error probabilities are equal for the two receivers and a loss lower
than 0.003 dB can be found with respect to ideal BPSK for bit error rates down to
10°.

Therefore, in the following simulations the receiver for the cases B7,=0.5 and 1 will
consist of a filter with impulse response Cy (-¢) and a threshold detector, while it will
consist of two filters (with impulse responses Cy (-f) and C; (-f) ) and a Viterbi

detector for the case B7,=0.25. The threshold detector allows for the measurements of

6
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the error probability with the more precise semi-analytical technique, while error
counting is necessary for a Viterbi detector. As a consequence, the measured losses

for BT,=0.25 case are less accurate than those of the other modulation schemes.

3 Channel models

Two channel models have been considered: the usual AWGN (Additive White
Gaussian Noise) channel with noise spectral density Ny/2, and a non-linear channel.
The non-linear channel is in turn characterized by two possible amplifiers: a TWTA
(Travelling Wave Tube Amplifier) and an SSPA (Solid State Power Amplifier) with
AM/AM and AM/PM curves shown in Figure 10 and Figure 11, respectively.

The input backoff was set equal to 0 dB in both TWTA/SSPA cases.

4 Simulation results

Figure 12 and Figure 13 show the power spectra of the considered modulated signals
at the output of the TWTA and SSPA amplifiers, respectively.

It is apparent that in a non-linear channel the most bandwidth efficient modulation
scheme is GMSK with BT, = 0.25 followed by GMSK with BT, = 0.5.

Moreover, the selected modulation schemes generally meet the power spectral density

mask recommended by the Space Frequency Coordination Group (SFCG) in REC 17-
2R1 for future Space Science missions. The only exception is for GMSK BT, =1.0

around the main lobe whereas the far sidelobes requirements are met.

The overall losses of the considered modulations in the non-linear channel with

respect to ideal BPSK in a linear channel are given in Table 1.

These losses were measured as the difference between the values Ej 5. /Ny (dB) and
Ey /Ny (dB) that cause a given BER when the nonlinear amplifier is present or absent.
Ey sqr 18 defined as the energy of the signal at the output of the amplifier driven at 0 dB
back-off by an unmodulated carrier, in the time interval 7.

As stated in section 2, perfect synchronization and ideal data are considered.

It can be seen that, as expected, the simulation results for GMSK end-to-end losses on
a non-linear channel are the same as for a linear channel (constant envelope

modulation). This is an indication of the simulation accuracy.

7
CCSDSB20.0-Y-2 Page 1-219 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

The following considerations can be made:

e GMSK losses are negligible for the optimal Laurent-based receiver for the cases

BTb=1.0 and BTb=0.5, and are less than 0.2 dB for BTb=0.25 at Py(e) = 1073,

e SRRC-OQPSK with a matched receiver achieves less than 0.6 dB losses over an
SSPA at Py(e) = 107;

e SRRC-OQPSK with integrate and dump filter suffers from a loss greater than 1
dB at Py(e) = 107;

e Butterworth-filtered OQPSK losses with an integrate and dump filter are around 1
dB at Py(e) = 107;

e Butterworth-filtered OQPSK through an SSPA/TWTA channel suffers from just a
slight loss increase with respect to the AWGN channel, especially at Py(e) = 10
and Py(e) = 10%

The TWTA is more detrimental to filtered OQPSK than SSPA.

The GMSK end-to-end losses results for the BT}, =0.5 case are similar to the results of
[8]-[9] for a perfectly synchronized system. When practical synchronization systems
are considered, document [9] has shown these losses to go up to only 0.2 dB at Pj(e)
=107,

For a pre-coded GMSK BT, =0.5 modulation, figure 8 in NASA/JPL document [5]
indicates about 0.2 dB losses at 10'3; however, it is not stated if synchronization losses
are included.

On the other hand, NASA/JPL document [7] quotes 0.8 dB end-to-end losses for
GMSK BT»=0.5 and 1.4 dB losses for GMSK BT7,=0.25. Clarification is therefore

needed.

OQPSK losses were quoted in NASA/JPL paper [7] to be around 3 dB. This was due
to the specific implementation used for the modulator (Universal Phase Modulator).
NASA/JPL paper [10] considered instead an I-Q modulator implementation and
indicated an end-to-end loss of about 0.5 dB for the Butterworth-filtered OQPSK in
alinear channel (we found 0.6 dB, see sect. 2.2.), and a loss of about 0.6 dB for the
SRRC-filtered OQPSK in the presence of an SSPA, ideal synchronization and

8
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matched filtering (we found 0.56 dB) both at Py(e) = 107, This shows the good
agreement between the results found by NASA/JPL and those of the present

document.

5 Conclusions

The choice of the bandwidth-efficient modulation scheme to be used for space
missions should fall on GMSK, if minimization of the end-to-end losses is the only
criterion to be considered. A receiver with a matched filter and a simple threshold
detector is adequate for GMSK whenever BT,>0.5, while a receiver with two filters

and a Viterbi detector is necessary for B7,=0.25.

If an even simpler receiver is required to minimize Earth station modifications costs,
then a Butterworth-filtered OQPSK or SRRC-OQPSK should be preferred, however,

provided that a matched receiver is used.

All modulations considered meet the SFCG proposed spectral emission mask with

exception of GMSK BT}, =1.0 around the main lobe.

nT
~ » Co(-t) —
r(t) | Viterbi |
decoder
—» C;(-1) HE N
nT

Figure 1: Scheme of the GMSK Viterbi detector
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Figure 2: Power spectra of the modulated signals (linear channel).
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maximum eye at 10 - value 1.223202

SAMPLES

Figure 3: Eye pattern of the in-phase component of the signal at the receiver filter
output for Butterworth-filtered OQPSK.

maximum eye at 15- value 1.410876

SAMPLES

Figure 4: Eye pattern of the in-phase component of the signal at the receiver filter
output for SRRC-a filtered OQPSK
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maximum eye at 31 - value 1.225334

SAMPLES

Figure 5: Eye pattern of the in-phase component of the signal at the receiver filter
output for SRRC-b filtered OQPSK

maximum eye opening at 7 - value 1.444729

Figure 6: Eye pattern of the in-phase component of the signal at the receiver filter
output for GMSK with B73=0.25
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maximum eye at 31 - value 1.908478

SAMPLES

Figure 7: Eye pattern of the in-phase component of the signal at the receiver filter
output for GMSK with BT,=0.5

maximum eye at 31 - value 1.987664
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Figure 8: Eye pattern of the in-phase component of the signal at the receiver filter
output for GMSK with BT,=1
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Figure 9: GMSK (BT,=0.25, 0.5) error probabilities obtained with the threshold
detector and the Viterbi detector.

modulation channel loss (dB) at loss (dB) at loss (dB) at

format type Py(e)=10" Py(e)=10 Py(e)=10"
Butterworth TWTA 0.51 0.71 0.98
OQPSK SSPA 0.44 0.66 0.96
SRRC-a TWTA 0.36 0.55 0.74
OQPSK SSPA 0.19 0.38 0.56
SRRC-b TWTA 0.75 0.98 1.31
OQPSK SSPA 0.59 0.77 1.07
GMSK TWTA 0.001 0.001 0.001
BT,=1 SSPA 0.001 0.001 0.001
GMSK TWTA 0.01 0.02 0.03
BT,=0.5 SSPA 0.01 0.02 0.03
GMSK TWTA 0.10 0.11 0.19
BT,=0.25 SSPA 0.10 0.11 0.19

Table 1: Non-linear channel end-to-end losses with respect to ideal BPSK (on linear
channel)
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Figure 10: AM/AM characteristic of the assumed non-linear amplifiers
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Figure 11: AM/PM characteristics of the assumed non-linear amplifiers
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Figure 12: Power spectra of the modulated signals at the output of the TWTA
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Figure 13: Power spectra of the modulated signals at the output of the SSPA.
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End-to-End Performance of Selected Modulation Schemes

Part II : Coded Channels

Gabriella Povero!  Enrico Vassallo> Monica Visintin®

Abstract

Butterworth and Square-Root Raised Cosine (SRRC) filtered OQPSK, and GMSK
modulations are compared over a non-linear channel in the presence of the channel co-
decoder specified in CCSDS 101.0B-3 Blue Book. No wide-band or narrow-band interfering
signals are considered. The signal-to-noise ratio necessary to obtain a bit error rate (BER)
equal to 10 at the output of the channel decoder is measured.

1 Introduction

This paper describes the effect of channel coding on the transmission systems
considered in [3]. The encoding scheme is concatenated R-S and convolutional
(interleaving depth =5) as recommended in CCSDS 101.0-B-3 Blue Book, and the
modulated signal is passed through a nonlinear solid state power (SSP) amplifier. The
wide-band and narrow-band interfering signals considered in [3] are not considered
here. In particular, the following transmission schemes were studied:

1. Unfiltered BPSK transmitter, SSP amplifier, receiver made of an integrate and
dump filter, and a threshold detector (benchmark);

2. GMSK with BT;,=0.5 transmitter, SSP amplifier, receiver made of a filter with
impulse response Cy (-) and a threshold detector;

3. GMSK with BT,=0.25 transmitter, SSP amplifier, receiver made of a filter
with impulse response Cj (-f), a 3-tap FIR equalizer (Wiener filter), and a
threshold detector;

4. SRRC OQPSK (square root raised cosine OQPSK, with a roll-off factor equal
to 0.5) transmitter, SSP amplifier, receiver made of a square root raised cosine
filter with roll-off factor 0.5, and a threshold detector (case SRCC (a));

5. SRRC OQPSK (square root raised cosine OQPSK, with a roll-off factor equal
to 0.5) transmitter, SSP amplifier, receiver made of an integrate and dump
filter, and a threshold detector (case SRRC (b));

' COREP, Politecnico di Torino
2 ESOC, European Space Agency
? Dipartimento di Elettronica, Politecnico di Torino
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6. Butterworth OQPSK transmitter, SSP amplifier, receiver made of an integrate
and dump filter, and a threshold detector.

All simulations were run with ideal carrier and clock synchronizers. The SSP non-
linear amplifier is assumed equal to that considered in [3] and is driven at 0 dB back-
off.

Aim of the work is the evaluation of the signal to noise ratio £} ,/Ny (dB) that allows
to get a bit error probability (BER) equal to 10 at the output of the decoder, and
consequently the loss with respect to the ideal BPSK system, for each of the 5 systems
described above. Ej g, is defined as Py, - Tp , being Py, the maximum power at the
output of the amplifier and T}, the duration of one information bit. In the following, the
short-hand notation E,/Ny will be used instead of E} z./Ny.

The paper is organized as follows: section 2 gives details on the co-decoding scheme
and, on the structure of the Viterbi decoder (not specified in the CCSDS Blue Book),
section 3 lists the simulation results for each of the considered transmission systems,
section 4 includes some considerations on the obtained results, section 5 draws the
conclusions.

2 The encoding scheme

According to the CCSDS 101.0-B-3 Blue Book, the transmission system to be
considered is made of:

1. a symbol source (equally likely and statistically independent symbols made of
M=S8 bits each);

2. aswitch S1 with 1 serial input and /=5 parallel outputs; the switch spends one
Reed Solomon symbol in each of the 5 positions;

3. [=5 parallel Reed Solomon (R-S) encoders with codeword length N=255,
number of information symbols K=223, number of symbols that can be
corrected ¢t = 16, each;

4. a switch S2, with /=5 inputs and 1 output which acts as a frame assembler and

which is synchronized with switch S1; at the output of switch S2, a frame of

IXN symbols exists, where the first /<K symbols exactly correspond to the /XK

symbols generated by the source, and the last IxX(N-K) symbols correspond to

the R-S parity check symbols;

a rate 2 transparent convolutional encoder with constraint length 7;

6. a digital modulator which transmits an energy equal to £ for each input bit; the
energy used to transmit an information bit is equal to E,=2EN/K, being
K/A2N)= 0.437 the overall coding rate;

7. an AWGN channel with noise spectral power density Ny/2;

8. adigital receiver with 3-bit soft outputs for each channel bit;

9. a Viterbi decoder with 2°=64 states;

10. a switch S1 (as in the transmitter side);

11. I=5 parallel Reed-Solomon decoders;

12. a switch S2 (as in the transmitter side).

(91

Figure 2.1 and Figure 2.2 depicts the transmission scheme. The convolutional encoder
structure is shown in Figure 2.3.

2
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Figure 2.1:Transmission scheme: the transmitter.

The Viterbi decoder observes 2N, 3-bit soft inputs to take the decision on the first bit,
using the trace-back technique and starting from the most likely state, and thus
introduces a delay equal to N; R-S encoded bits. The value of N, is not specified in
the CCSDS Blue Book, but the analysis of the system with a BPSK modulator
showed that N; =70 is a good compromise between complexity (delay) and
performance. Notice that the recommended value for N, is generally considered to be
5 times the constraint length (i.e., 35 in this case), which showed instead to be too
small for this concatenated encoding scheme. Actually, if N;/=35 is enough to
approximately obtain the ideal (N;= <o) performance of the Viterbi decoder when the
convolutional encoder alone is considered, it is true that any reduction in the error
probability at the output of the Viterbi decoder is extremely valuable and should not
be neglected in the presence of a Reed-Solomon outer encoder. If p is the error
probability for a symbol at the input of the Reed Solomon decoder, then the error
probability at the output of the R-S decoder reduces approximately to p'’; if p is
decreased to 0.9 p by increasing the decision depth in the Viterbi decoder, then the
output error probability is reduced to 0.16 p'’, i.e. about one order of magnitude is
gained from a 10% decrease of p. Thus an almost negligible reduction of the error
probability at the output of the convolutional decoder generates a substantial reduction
of the error probability at the output of the R-S decoder. A decision depth equal to 100
produced only marginal benefits, so that 70 was considered a correct value for this
parameter.
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Figure 2.2: Transmission scheme: the receiver

Another question related to the Viterbi decoder is how to set the thresholds at the
output of the digital demodulator. The following choices have been considered:

1. The 7 thresholds are set at the following wvalues: -1,
—0.66,—-0.33,0.,0.33,0.66,1; the input signal is multiplied by a constant C so
that the root mean square (r.m.s.) of each sample at the input of the quantizer
be equal to 0.5 (notice that two 3-bit quantized samples are required for each
output bit, so that the overall r.m.s. of the input becomes equal to 1); the value
of C depends on the signal to noise ratio; the branch metrics in the Viterbi
algorithm are fixed (they do not depend on the signal to noise ratio) and equal
t0 0,1,2,...,7;

2. the thresholds and the metrics are set as in item 1; the multiplying constant C
is set so that the average value of the useful part of each sample at the input of
the quantizer be equal to = 0.707 (thus it does not depend on the noise);

3. the thresholds and the multiplying constant are set as in item 2; the branch
metrics in the Viterbi algorithm are computed from the transition matrix of the
discrete Gaussian channel, i.e. from the transition probabilities of a channel
where the transmitted alphabet is composed of two symbols (+1 and —1) and
the received one is composed of 8§ symbols (the 8 levels at the quantizer
output). In particular, called P;; the generic conditional probability that the
received sample lies within the j-th interval having transmitted the level +1,
the associated metric M; is

My;=log (P11) — log (Py))
Note that M); is proportional to the distance between the received signal and
the signal associated to the channel branch with conditional probability Pij;
moreover Mi; depends on the signal-to-noise ratio. Metrics M _j; are similarly
defined.
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Figure 2.3: The convolutional encoder scheme.

The first strategy is that considered by DTU (Denmark Technical University) [1] and
JPL/NASA [2] for the evaluation of the system performance in the presence of an
unfiltered BPSK modulator. Politecnico di Torino considered the three strategies, but
could not find significant differences among them in terms of BER at the output of the
outer (R-S) decoder. Nevertheless, both DTU and JPL measured lower values of BER
at small signal to noise ratios, with respect to Politecnico, while the BER values were
comparable at higher signal to noise ratios (see Fig. 3.2).

A frame is defined as a block of /=5 R-S codewords, and it corresponds to
n=IxMxK=8,920 information bits (the number of transmitted channel bits is instead
2XIXMxN=20,400). A received frame is not correct if just one of its information bits
is wrong; thus a frame error rate (FER) can be measured together with the bit error
rate (BER). It is also interesting to measure the bit error rate at the output of the
Viterbi (BERyjy) detector, and that at the output of the digital receiver (BERyo4). Also
of interest is the probability that one R-S symbol is wrong at the output of the R-S
decoder (symbol error rate, SER).

In order to have a reasonable accuracy of the measured error rates with the counting
technique, it is necessary to count at least 20 wrong frames, or about 1000 wrong bits
at the sink. The counting of 10 to 20 wrong bits (which is generally considered
enough) is not sufficient to have a good estimate of the bit error rate in this case. In
fact, if a frame is wrong, it is because at least one R-S codeword is erroneously
detected, and this corresponds to more than ¢ =16 wrong R-S symbols in the
codeword, i.e., more than 16 wrong bits in the frame. Thus either no bits or at least 16
bits are wrong in a simulation. Moreover, if an R-S symbol is wrong, then the actual
number of wrong bits is highly variable, and at least 20 error events are needed to
have a reasonable estimate of its average number.
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3 Performance of the transmission schemes

In this section, the performance of the various modulation schemes is given, with the
complete encoding system, in the presence of an SSP amplifier with 0 dB back-off.
Since the non-linear amplifier does not affect the constant envelope signals (such as
unfiltered BPSK and GMSK), it will not be considered in sections 3.1, 3.2, and 3.3.

3.1 Unfiltered BPSK

The measured error probabilities are listed in Table 3.1, Table 3.2, and Table 3.3 and
they are plotted in Figure 3.1 and Figure 3.2, together with analogous measurements
obtained by the Denmark Technical University (DTU) [1] and the Jet Propulsion
Laboratory (JPL) [2]. Table 3.1 and Table 3.2 include the FER/BER values measured
with decoding depths equal to 35 and 70, to show the remarkable advantage of an
increased decoding depth. It can be noticed that a substantial agreement exists in
terms of frame error rate between Politecnico and DTU, while the bit error rate curve
obtained by Politecnico lies above those of DTU and JPL. Politecnico measures a loss
with respect to DTU which ranges from 0.1 dB for low signal to noise ratios to ~0 dB
at £, /Ny=2.5 dB.

Ey/N,(dB) | Poli (35) | Poli(70) | DTU
2.00 6.20E-01 | 5.50E-01
2.10 | 8.48E-01 | 2.75E-01
220 | 5.75E-01 | 1.10E-01 | 1.10E-01
225 | 4.18E-01
230 | 2.73E-01 | 3.20E-02 | 2.10E-02
235 | 1.68E-01
240 | 7.50E-02 | 5.60E-03 | 5.00E-03
245 | 4.17E-02
2.50 | 1.25E-02 | 4.76E-04 | 7.00E-04
2.55 | 6.00E-03
2.60 | 1.88E-03 | 3.33E-05 | 4.00E-05

Table 3.1: Measured values for the frame error rate (FER).

Ey/N, (dB) | Poli 35) | Poli(70) | JPL (70) | DTU
2.00 4.86E-02 | 1.87E-02 | 1.17E-02 | 1.00E-02
2.10 3.02E-02 | 7.24B-03 | 4.11E-03
2.20 1.54E-02 | 2.43E-03 | 1.08E-03 | 1.30E-03
2.25 9.43E-03
2.30 5.34E-03 | 4.84E-04 | 2.44E-04 | 2.20E-04
2.35 2.72E-03
2.40 1.24E-03 | 7.59E-05 | 3.32E-05 | 4.00E-05
2.45 4.73E-04
2.50 1.45E-04 | 5.96E-06 | 3.42E-06 | 5.00E-06
2.55 5.92E-05
2.60 1.77E-05 | 4.07E-07 | 3.10E-07 | 3.50E-07

Table 3.2: Measured values for the bit error rate (BER).
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FER
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Figure 3.1: Measured values for the frame error rate (FER).
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Figure 3.2: Measured values for the bit error rate (BER).
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Ey/Ny BER SER FER BERyi: | BERjmoa BER
(dB) BPSK BPSK BPSK BPSK | BPSK (JPL)
2.0 | 1.87E-02 | 4.10E-02 | 6.20E-01 |2.36E-02| 0.120 | 1.17E-02
2.1 | 7.24E-03 | 1.58E-02 | 2.75E-01 |[1.93E-02| 0.117 | 4.11E-03
2.2 | 2.43E-03 | 5.34E-03 | 1.10E-01 |[1.61E-02| 0.114 | 1.08E-03
2.3 | 4.84E-04 | 1.07E-03 | 3.20E-02 |1.31E-02| 0.111 | 2.44E-04
24 | 7.59E-05 | 1.66E-04 | 5.60E-03 |1.05E-02| 0.109 | 3.32E-05
2.5 | 5.96E-06 | 1.36E-05 | 4.76E-04 |8.56E-03| 0.106 | 3.42E-06
2.6 | 4.07E-07 | 9.27E-07 | 3.33E-05 |6.85E-03| 0.104 | 3.10E-07

Table 3.3: Measured error probabilities for the encoded BPSK system.

In order to correctly compare the results obtained by Politecnico and those obtained
by JPL and DTU, Politecnico tried to optimize the value of the samples at the input of
the 3-bit quantizer, by multiplying those samples by a constant C. When C=1, then the
useful part of the sample takes on the two values +0.707, while the noisy part of the
sample has a variance that depends on the signal to noise ratio £, /Ny (Where Ej is the
energy necessary to transmit one information bit, including the presence of the R-S
code, so that the signal to noise ratio £ /Ny corresponds to that of Table 3.1 and Table
3.2, and Figure 3.1 and Figure 3.2). Then the bit error rate at the output of the Viterbi
decoder BERvy; was measured, letting the parameter C vary in the nearby of 1. Results
are shown in Figure 3.3 and it is apparent that C=1 is optimum, and that the variation
of BERy; with respect to C is minimum, especially at E, /Ny =2 dB, where the
difference in the results obtained by Politecnico and JPL/DTU is maximum. As a
consequence, it can be argued that the difference in the results obtained by Politecnico
and those obtained by JPL/DTU is not due to a different scaling of the quantizer input
signal, but probably on a more subtle different implementation of the Viterbi
algorithm. Thus, C=1 was kept valid by Politecnico in all the subsequent simulations,
with the other modulation systems.

1.E+00

_ LEO01 ——— s
;
=
=]

1 E-02 | L s

1 E-03

05 06 07 08 09 1 11 12 13 14
C

—=—Eb/No=1dB —*—Eb/No=2dB —+—Eb/No=3 dB ——Eb/No=2.5dB

Figure 3.3: Measured BER at the output of the Viterbi decoder as function of
parameter C.
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3.2 GMSK with BT,=0.5

The structure of the digital transmitter and receiver is shown in Figure 3.4.

Convol. / GMSK lllll S SPA llllll transmitted
encoder modulator signal
et
switch
Co(-t) every
Ty
2KkT,
) cos(2mf.t)
received 3-bit Viterbi
signal quantizer decoder
sin(27tf.t)
2kTy+Ty l
Co(-t) °
/ output
bit

Figure 3.4: Transmitter and receiver structures for the GMSK system with BT}, =0.5
(the SSP amplifier can be omitted).

E/Ny (dB)| . PER SER FER | BERy; |BER,.q BER | FER | BER

GMSK 0.5|GMSK 0.5/GMSK 0.5| GMSK |GMSK | (BPSK) | (BPSK) | (JPL)
2.0 | 1.93E-02 | 424E-02 | 5.95E-01 |2.35E-02] 0.119 |1.87E-02|6.20E-011.10E-02
2.1 | 7.88E-03 | 1.74E-02 | 2.90E-01 |1.97E-02| 0.117 |7.24E-03|2.75E-01|5.00E-03
22 |2.18B-03 | 4.65E-03 | 9.50E-02 |1.65E-02| 0.114 |2.43E-03|1.10E-01|1.50E-03
2.3 | 4.16B-04 | 9.17E-04 | 3.25E-02 |1.36E-02| 0.111 |4.84E-04|3.20E-02|3.00E-04
24 | 6.35B-05 | 1.42E-04 | 5.00E-03 |1.08E-02| 0.109 |7.59E-05|5.60E-03|4.50E-05
2.5 | 7.49E-06 | 1.68E-05 | 5.00E-04 |8.67E-03| 0.107 |5.96E-06|4.76E-04|5.00E-06
2.6 | 5.90E-07 | 1.34E-06 | 4.57E-05 6.90E-03| 0.104 |4.07E-07|3.33E-05

Table 3.4: Measured error probabilities for the encoded GMSK system with B7;,=0.5
(the shaded values at £, /Ny=2.6 have been determined using the polynomials given in
section 4, on the basis of the measured values of BERvj).

Table 3.4 lists the measured error rates for the case of a GMSK transmission system
with BT, = 0.5, while Figure 3.5 and Figure 3.6 plot the BER and FER values as
functions of Ej /Ny , respectively. It turns out that the ratio SER/BER is almost
constant in the nearby of 2.2; on the contrary the ratio between the bit error rate at the
output of the Viterbi decoder and the bit error rate at the output of the R-S decoder is
highly variable. An analysis of the relationship between BERy; and BER will be
given in Section 4. The bit error rate at the output of the GMSK receiver BER 4 is
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practically constant and equal to 0.1. Column BER(JPL) of Table 3.4 lists the BER
values measured by JPL with the same transmitting system.

It can be noticed that the GMSK system loss with respect to BPSK is almost
negligible at BER=10"° (0.01 dB); the loss of the uncoded GMSK system with respect
to an uncoded BPSK at BER,,¢=0.1 was measured to be equal to 0.01 dB.

1E-01

1E-02

1E-03 ———onr=x

1E-04

BER

1E-05

1E-06 R

1E-07

2.0 2.1 22 23 24 2.5 2.6
E,/No (dB)

BPSK ---#---- GMSK BTb=0.5 JPL

—+— GMSK BTb=0.5

Figure 3.5: Measured values of BER as function of E;/N, for the encoded GMSK
system with BT,=0.5.

1E+00 =
1E-01 e NS
~
o 1E-02 =
TN
= 1E-03 ~
TSNS
1E-04 -
1E-05
2.0 2.1 22 23 24 2.5 2.6
E}/No (dB)
—— GMSK BTb=0.5 — BPSK

Figure 3.6: Measured values of FER as function of E;/N, for the encoded GMSK
system with B7,=0.5.
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3.3 GMSK with BT,=0.25

The structure of the digital transmitter and receiver is shown in Figure 3.7. The
equalizer structure is a 3-tap FIR filter with delays equal to 27} and coefficients
—0.086, 1.012, -0.086.

Convol. GMSK . SSPA transmitted

encoder modulator signal
et
4}(%}—} Co(-t) ‘—.\.—P 3-tap switch
equalizer ove
. ry
2kT, T,
cos(2mtf.t)
received 3-bit
signal quantizer
sin(2nf.t) v
—— 2kTutT Viterbi
Co(-1) 3-tap Y decoder
/ equalizer

v

output
hit

Figure 3.7: Transmitter and receiver structures for the GMSK system with B7,=0.25
(the SSP amplifier can be omitted)

Table 3.5 lists the measured error rates for the case of a GMSK transmission system
with BT, = 0.25, while Figure 3.8 and Figure 3.9 plot the BER and FER values as
functions of E;/Ny. Column BER(JPL) of Table 3.5 lists the BER values measured
by JPL with the same transmitting system. It can be noticed that the GMSK system
loss with respect to BPSK is of about 0.16 dB at BER=10°. Again, the ratio
SER/BER is almost constant in the nearby of 2.2; the ratio BER/BERvy; is again
highly variable, while BER,,0q4 is practically constant and equal to 0.1. It is interesting
to notice that the loss of an uncoded GMSK system with BT, = 0.25 was estimated
equal to 0.16 dB at BER,,¢=0.1, and this value is coincident with the encoded system
loss at BER=10"°,
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N, (dB)| .. BER SER FER | BERy, BER,. BER | FER | BER

GMSK 0.25|GMSK 0.25|GMSK 0.25| GMSK |GMSK | (BPSK) | (BPSK) | (JPL)
20 | 450E-02 | 9.86E-02 | 8.80E-01 |3.10E-02] 0.123 |1.87E-02]6.20E-013.00E-02
21 | 2.77E-02 | 6.11E-02 | 7.53E-01 |2.59E-02| 0.121 |7.24E-03|2.75E-01|2.00E-02
22 1.28E-02 | 2.82E-02 | 4.47E-01 |2.13E-02| 0.118 |2.43E-03|1.10E-01|9.00E-03
23 | 4.02E-03 | 8.84E-03 | 1.77E-01 |1.79E-02| 0.115 |4.84E-04|3.20E-02|3.00E-03
24 | 8.13E-04 | 1.80E-03 | 4.75E-02 |1.45E-02| 0.113 |7.59E-05|5.60E-03|7.50E-04
2.5 1.65E-04 | 3.67E-04 | 1.08E-02 |1.19E-02| 0.110 |5.96E-06|4.76E-04 |1.10E-04
2.6 1.65E-05 | 3.65E-05 | 1.25E-03 |9.60E-03| 0.107 |4.07E-07|3.33E-05|1.80E-05
27 | 2.15E-06 | 4.78E-06 | 1.73E-04 |7.79E-03| 0.105 2.00E-06
2.75 | 643E-07 | 1.46E-06 | 4.99E-05 |6.95E-03| 0.104

Table 3.5: Measured error probabilities for the encoded GMSK system with B7,=0.25
(the shaded values have been determined using the polynomials given in section 4, on
the basis of the measured values of BERv;).

BER
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BPSK ---®---- GMSK BTb=0.25 JPL

Figure 3.8: Measured values of BER as function of E;/N, for the encoded GMSK
system with B7,=0.25.
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1E+00
1E-01 T~
NG
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=3 ~N
1E-03 AN
1E-04
1E-05
20 21 22 23 24 25 26 27
E,/No(dB)
—+— GMSK BTb=0.25 —— BPSK

Figure 3.9: Measured values of FER as function of E;/N, for the encoded GMSK
system with BT7,=0.25.

3.4 SRRC-a OQPSK

The structure of the digital transmitter and receiver is shown in Figure 3.10.

) transmitted
Convol / OQPSK SRRC SSPA | .
encoder modulator filter signal
2 bits
SRRC switch
filter every
————  2kT, Ty
) cos(2nf.t) ) . .
received 3-bit Viterbi
signal quantizer decoder
sin(2mtf.t)
——— 2kTy+T,
SRRC
filter /._. output
bit

Figure 3.10: Transmitter and receiver structures for the SRRC (a) OQPSK system.
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Table 3.6 lists the measured error rates for the case of the SRRC-a OQPSK
transmission system, while Figure 3.11 and Figure 3.12 plot the BER and FER values
as functions of Ey/Ny, respectively . Column BER(JPL) of Table 3.6 lists the BER
values measured by JPL with the same transmitting system.
Again, the ratio SER/BER is almost constant in the nearby of 2.2 and BERyq is
approximately equal to 0.1. It can be noticed that the SRRC-a OQPSK system loss
with respect to BPSK is of about 0.18 dB at BER=10"; the loss of the uncoded
SRRC-a OQPSK system with respect to an uncoded BPSK at BER;,;=0.1 was
measured to be equal to 0.21 dB.

£y, @) BER | SER [ FER [ BERyi [BERua[ BER [ FER [ BER
SRRC-a | SRRC-a | SRRC-a | SRRC-a | SRRC-a| (BPSK) | (BPSK) | (JPL)
2.0  [5.17E-02[1.14E-01|9.50E-01|3.36E-02| 0.125 |1.87E-02]6.20E-01|4.00E-02
2.1  |3.49E-02|7.68E-02|7.75E-01|2.77E-02| 0.122 |7.24E-03|2.75E-01|2.30E-02
22 |1.88E-02|4.13E-02|5.70E-01|2.32E-02| 0.119 |2.43E-03|1.10E-01|1.50E-02
2.3 |6.44E-03|1.42B-02|2.40E-01|1.91E-02| 0.117 |4.84E-04|3.20E-02(6.50E-03
24  |1.89E-03|4.20E-03|1.05E-01|1.58E-02| 0.114 |7.59E-05|5.60E-03|1.70E-03
2.5 |3.75E-04|8.34E-04|2.10E-02|1.30E-02| 0.111 |5.96E-06|4.76E-04|3.50E-04
2.6 |3.75E-05|8.23E-05|2.75E-03|1.03E-02| 0.109 |4.07E-07|3.33E-05|8.00E-05
2.7 |4.78E-06|1.07E-05|3.57E-04|8.16E-03| 0.106 1.00E-05
2.75 |1.01E-06|2.28E-06|7.87E-05|7.25E-03| 0.105
2.8 |3.00E-07|6.89E-07|2.28E-05|6.48E-03| 0.103

Table 3.6: Measured error probabilities for the encoded SRRC-a OQPSK system (the
shaded values have been determined using the polynomials given in Section 4, on the
basis of the measured values of BERvy).
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Figure 3.11: Measured values of BER as function of E4/N, for the encoded SRRC-a
OQPSK system.
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1E+00
1E-01 =
~N
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N
“ 1E-03 N
1E-04
1E-05
20 21 22 23 24 25 26 27 28
E,/No (dB)
—+— SRRC-a OQPSK —— BPSK

Figure 3.12: Measured values of FER as function of E,/Ny for the encoded SRRC-a
OQPSK system.

3.5 SRRC-b OQPSK

The structure of the digital transmitter and receiver is shown in

Figure 3.13.
Convol. / OQPSK SRRC SSPA transmitted
encoder modulator filter signal
2 bits
1&D switch
filter every
— 2kTy, Ty
) cos(2nf.t)
received 3-bit Viterbi
signal quantizer decoder
sin(2mf.t) ¢
— 2kT,+T,
1&D output
filter o 0 o bit

Figure 3.13: Transmitter and receiver structures for the SRRC-b OQPSK system.
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Table 3.7 lists the measured error rates for the case of the SRRC-b OQPSK
transmission system, while Figure 3.14 and Figure 3.15 plot the BER and FER values
as functions of E,/Ny, respectively. Again, the ratio SER/BER is almost constant in
the nearby of 2.2; the ratio BER/BERvy;; is again highly variable (it will be analyzed in
Section 4) , while BER o4 is approximately equal to 0.1.
It can be noticed that the SRRC-b OQPSK system loss with respect to BPSK is of
about 0.57 dB at BER=10""; the loss of the uncoded SRRC-b OQPSK system with

respect to an uncoded BPSK at BER,,,¢=0.1 was measured to be equal to 0.58 dB.

Ey/N, (dB) BER SER FER BERyvi: | BERj0a| BER FER

SRRC-b | SRRC-b | SRRC-b | SRRC-b |[SRRC-b| BPSK) | (BPSK)

2 6.82E-02|1.56E-01|1.00E+00{6.22E-02| 0.135 |1.87E-02|6.20E-01

2.1 7.24E-03|2.75E-01

2.2 6.60E-02|1.46E-01|1.00E+00(4.61E-02| 0.129 |2.43E-03|1.10E-01

23 4.84E-04|3.20E-02

24 4.98E-02|1.08E-01|9.10E-01 |3.32E-02| 0.124 |7.59E-05|5.60E-03

2.5 5.96E-06|4.76E-04

2.6 1.49E-02|3.27E-02|4.60E-01 |2.23E-02| 0.118 [4.07E-07|3.33E-05

2.7 4.99E-03 |1.10E-02| 1.99E-01 | 1.80E-02| 0.116

2.8 1.14E-03|2.52E-03| 6.23E-02 | 1.48E-02| 0.113

2.9 1.62E-04|3.58E-04| 1.08E-02 |1.21E-02| 0.111

3.0 3.10E-05|6.99E-05|2.00E-03 [9.84E-03| 0.108

3.1 2.72E-06|6.11E-06|2.13E-04 | 7.95E-03| 0.105

32 2.62E-07|6.04E-07| 1.99E-05 |6.40E-03| 0.103

Table 3.7: Measured error probabilities for the encoded SRRC-b OQPSK system (the
shaded values have been determined using the polynomials given in Section 4, on the
basis of the measured values of BERvyj).
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Figure 3.14: Measured values of BER as function of E;/N, for the encoded SRRC-b
OQPSK system.
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Figure 3.15: Measured values of FER as function of E;/N, for the encoded SRRC-b
OQPSK system.
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3.6 Butterworth OQPSK

The structure of the digital transmitter and receiver is shown in Figure 3.16.

Convol. / OQPSK Butt. SSPA transmitted
encoder modulator filter signal
1&D switch
filter o every
2kT, Ty
) cos(2nf.t) . . .
received 3-bit Viterbi
signal quantizer decoder
sin(27f.t) ¢
2kTy+T
1&D output
filter [ @ /‘—‘ bit

Figure 3.16: Transmitter and receiver structures for the Butterworth-filtered OQPSK

system.

Table 3.8 lists the measured BER and FER values for the case of a Butterworth
OQPSK transmission system, while Figure 3.17 and Figure 3.18 plot the BER and
FER values as functions of E3/N, respectively.
It can be noticed that the Butterworth OQPSK system loss with respect to BPSK is of
about 0.35 dB at BER=10"; the loss of the uncoded Butterworth OQPSK system with
respect to an uncoded BPSK at BER,,4=0.1 was measured to be equal to 0.35 dB. The
difference in the results obtained by Politecnico and those found by JPL is due to a
different choice of the receiver filter (integrate and dump for Politecnico, matched
filter for JPL).
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E/N, | BER | SER | FER | BERy; | BERyy | BER | FER
(dB) | Butt. | Butt. | Butt. | Butt. | Butt. | (BPSK) | (BPSK)
2 |6.03E-02|1.35E-01|1.00E-00|4.54E-02| 0.129 |1.87E-02|6.20E-01
2.1 |5.67E-02|1.26E-01|9.90E-01 |3.86E-02| 0.126 |7.24E-03|2.75E-01
22 |4.54E-02|1.00E-01|8.90E-01|3.21E-02| 0.123 |2.43E-03|1.10E-01
2.3 [2.77E-02|6.06E-02|6.90E-01 |2.60E-02| 0.121 |4.84E-04|3.20E-02
24 |1.25E-02(2.79E-02|4.40E-01|2.16E-02| 0.118 |7.59E-05|5.60E-03
2.5 |5.08E-03|1,12E-02|2.10E-01 [1.77E-02| 0.115 |5.96E-06|4.76E-04
2.6 |8.02E-04[1.79E-03|5.00E-02 | 1.44E-02| 0.113 |4.07E-07|3.33E-05
2.7 [1.421E-04/3.20E-04 |1.03E-02|1.17E-02| 0.110
2.8 |2.07E-05|4.62E-05|1.50E-03 |9.32E-03| 0.108
2.9 |1.64E-06 |3.70E-06|1.29E-04 | 7.58E-03| 0.105

Table 3.8: Measured error probabilities for the encoded Butterworth-filtered OQPSK
system (the shaded values have been determined using the polynomials given in
Section 4, on the basis of the measured values of BERvyj).
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Figure 3.17: Measured values of BER as function of E,/N, for the encoded
Butterworth-filtered OQPSK system.
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Figure 3.18: Measured values of FER as function of E,/N, for the encoded
Butterworth-filtered OQPSK system.

4 BER analysis

This section deals with the analysis of the results found in the previous one.

First of all, it was noticed that the loss of each complete encoded system at BER=10"°
was substantially coincident with the loss of the uncoded system at BER,oq = 0.1 (see
Table 4.1 and Table 4.2). Notice that the evaluation of the loss of the uncoded system
is much easier and faster, since the semi-analytical technique can be used to quickly
estimate its value; however

e the uncoded system BERy,,q curves are very flat at BER 1,04 =0.1, and an error
margin exists in the measure of the corresponding /Ny,

e the value of BER for the uncoded system that exactly corresponds to
BER=1-10° at the output of the R-S decoder cannot be determined with
precision, since, again, the curve is very flat.

Nonetheless, if the hierarchy alone is required among the various transmission
schemes, the analysis of the uncoded systems seems to be adequate, even in the
presence of inter-symbol interference due to non-linear amplifiers or to the chosen
mo-demodulator structure. On the contrary, if the exact losses are required, then the
uncoded system BER cannot be completely relied on (actually, the difference in the
losses measured at BER=10"° and at BERmOGl:lO'l is very small for the considered
cases).

Second, it was found that, while the bit error rate at the output of the R-S decoder
varies from 107 to 10 by increasing the value of E, /N, of 0.5 dB (approximately),
the bit error rate at the output of the Viterbi decoder reduces from 3-107 to 8-107

20
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(approximately). The variation of BERy;; is thus more remarkable than the variation
of BER o4, and it can be successfully used to predict the system loss at an overall
BER of 10'6, even if the dependence of BER from BERy; is not linear or easily
determined. Figure 4.1 plots BER versus BERy;, for all the considered modulation
systems, without distinguishing among them, while Figure 4.2 plots FER versus
BERy;; . It can be noticed that all the points lie with good approximation on a curve
that can be fitted by a polynomial function using the criterion of the minimum square
error (for example). The fact that the points (BER, BERyy) all lie on a curve, with no
dependence from the modulation scheme, suggests that

e the measure of BERvyj is sufficient to correctly estimate the value of BER with

high precision,

e all the points are reliable (i.e. the simulations were correctly performed).
Again, the measure of BERy;; is easier than the measure of BER, due to the higher
values of BERyj (even if the semi-analytical technique cannot be used), and due to the
fact that it is not necessary to run long simulations to find at least 20 wrong frames
(actually, it becomes unnecessary to consider the outer code at all). Moreover, from
the value of BERvyj;, both BER and FER can be estimated at the same time. The use of
the polynomial curve allows for the evaluation of the exact BERy;; value necessary to
obtain BER=10".

The 4-th order polynomial functions that approximate BER/SER/FER are the
following:

log1o(BER) = 6.4564 x* +43.0799 x* +98.8511 x* + 95.1233 x +31.6541
log1o(SER) = 6.7643 x* +45.1848 x* +104.2506 x* + 101.2773 x +34.6227
log1o(FER) =~ 8.5164 x* + 59.8761 x* +148.1236 x* + 156.1333 x +59.8646

where x is equal to /ogo(BERvsj)

A value of BER equal to 10 is obtained with BERy;=7.246-107 (it corresponds to
SER=2.266-10°, and FER=7.86-107); a value of SER equal to 10 is obtained with
BERv;=6.711-107 (it corresponds to BER=4.367-10", and FER=3.359-10""); a value
of FER equal to 10" is obtained with BERy;=7.411-107 (it corresponds to
BER=1.276-10, and SER=2.884-10"°).

Figure 4.3 and Figure 4.4 summarize the performance of the various considered
systems, and Table 4.1 lists their losses at BER=1-10"°. It can be noticed that the most
advantageous modulation system is GMSK with BT,=0.5, whose loss with respect to
BPSK is almost negligible. GMSK with B7,=0.25 comes next, followed by SRRC-a
OQPSK, Butterworth-filtered OQPSK, and SRRC-b OQPSK.

Tables 4.2 and 4.3 list the losses of the uncoded systems (with SSPA) at BERm()d:lO'1
and BER =107, respectively. It can be noticed that the hierarchy of the uncoded
systems at BER =107 is different from that of the encoded systems, while they are
equal at BERmod=10'l.

21
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modulation Eb/N at Loss (dB)at
scheme BER=10® | BER=10°
Unfiltered BPSK 2.57 0.00
Butt. OQPSK 2.92 0.35
SRRC-a OQPSK 2.75 0.18
SRRC-b OQPSK 3.14 0.57
GMSK BT,=0.5 2.58 0.01
GMSK BT»=0.25 2.73 0.16

Table 4.1: Comparison of the encoded systems

modulation Eb/Ny at Loss (dB)at

scheme BERu0q=10"" | BERy0q=10"
Unfiltered BPSK -0.86 0.00
Butt. OQPSK -0.51 0.35
SRRC-a OQPSK -0.65 0.21
SRRC-b OQPSK -0.28 0.58
GMSK BT,=0.5 -0.85 0.01
GMSK BT;,=0.25 -0.70 0.16

Table 4.2: Comparison of the uncoded systems at BERmodIIO'l.

modulation Eb/Ny at Loss (dB)at

scheme BERunoi=10" | BERyoi=10"
Unfiltered BPSK 6.78 0.00
Butt. OQPSK 7.34 0.56
SRRC-a OQPSK 7.39 0.61
SRRC-b OQPSK 7.78 1.00
GMSK BT,=0.5 6.82 0.04
GMSK BT;,=0.25 7.20 0.41

Table 4.3: Comparison of the uncoded systems at BERm(,dIIO'3 .
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Figure 4.1: BER as a function of BERvy;; for all the considered modulation schemes.
Measured values are shown with symbols, the interpolating polynomial function with
a line.
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Figure 4.2: FER as a function of BERy;; for all the considered modulation schemes.
Measured values are shown with symbols, the interpolating polynomial function with
a line.
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Figure 4.4: Comparison among the considered transmission systems in terms of FER
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5 Conclusions

The simulation of the overall encoded transmission system showed that the case of
GMSK with BT»=0.5 is the most convenient in terms of signal to noise ratio necessary
to obtain an overall BER equal to 10®. The use of GMSK with BT, »=0.25 causes a
0.15 dB higher loss in terms of signal to noise ratio, with an increase in bandwidth
efficiency. The SRRC-a OQPSK system is comparable with the GMSK system with
BT»=0.25 over the non linear channel considered in this part of the report, but is more
affected by wideband and narrowband interference as shown in [3], so that GMSK
with B73=0.25 should be preferred. SRRC-b and Butterworth OQPSK systems suffer
from higher losses.

Results obtained by Politecnico are similar to those obtained by JPL (apart from the
Butterworth case, for which the results are not comparable) in terms of losses at
BER=10", but they differ for low signal to noise ratios, where, however, the system is
not supposed to work.
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Thisreport isarevision of an earlier report dated 11 June 1999. Several modifications and
additions have been made since the earlier report. These are highlighted in the table below.

Item

11 June 1999 Version

This Version

BTs Definition

Product of two-sided filter bandwidth
and channel symbol period.

Product of one-sided filter
bandwidth and channel symbol
period. This is consistent with

definition used in other SFCG and
CCSDS reports.

Data Asymmetry

PSD plots are generated with 10%
data asymmetry but labeled as 5%
data asymmetry.

Incorrect model produced data
asymmetry which is 2x that indicated
in the report.

Data Asymmetry model has been
corrected and results that are
depending on data asymmetry are
generated for 6% and 3% data
asymmetry.

Transmitter PA

One TWTA model was used with

PSD plots are generated using 3 PA

models AM/PM = 12 deg/dB at 1 dB output | models: TWTA -1 (same as used in

- TWTA-1 backoff. 6/11/99 report), TWTA-2 (AM/PM
reduced to 3 deg/dB) and ESA

- TWTA-2 SSPA.

-  ESA SSPA

Method to | Single FFT method is used. Plots | n FFT’s are generated. n FFT's are

generate PSD

include FFT result and a frequency
domain smoothed plot.

averaged. n=50.

Spectra
Filtered OQPSK

Generated using TWTA-1 at different
OBO and BTs=0.5, 1.0, and 1.5.

Generated using three different
transmitter PA models:

TWTA-1, TWTA-2, and ESA SSPA

Generated at three different OBO
and BTs=0.5, 1.0, and 1.5.

Generated for 3% and 6% Data
Asymmetry.
Spectra Generated with Butterworth filter | Regenerated with Butterworth filter
Filtered using TWTA-1 at different OBO and | using TWTA-1 at different OBO and
Generated with Gaussian filter using
TWTA -1,at 0dB OBO for BTs=1.0.
Spectra Generated using TWTA-1 at different | Regenerated using TWTA-1 at
GMSK OBO and BT=0.5 and 1.0. different OBO and BT=0.5 and 1.0.
Spectra NA Generated using TWTA-1 at
Enhanced FOPSK different OBO.
ii 19 April 2000
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Item

11 June 1999 Version

This Version

BER Plots
Filtered OQPSK

Generated using TWTA-1 at different
OBO and BTs=0.5, 1.0, and 1.5.

Generated using TWTA-1 at 1dB
OBO and BTs=1.0 with wideband
and narrowband interference.

Generated using Different PA
model, at 0dB OBO and BTs=1.0.

Response

BER Plots Generated using TWTA-1 at 0dB | Generated using TWTA-1, at 0dB
Filtered and 1dB OBO and BTs=1.0. OBO and BTs=1.0.
OQPSK/PM
BER Plots Generated using TWTA-1, at 0dB | Regenerated using TWTA-1, at 0dB
GMSK OBO and BT=0.5and BT =1.0. OBO for BT=0.5and BT =1.0.
Generated Using Linear PA for | Regenerated Using Linear PA for
BT=0.5 and 1.0. BT=0.5 and 1.0.
Generated using TWTA-1 at 0dB | Will include Appendix to describe
OBO and BT=0.5 with wideband | theoretical performance for GMSK
interference. with Integrate and dump detectors.
BER Plots NA Generated using TWTA-1 at three
Enhanced FQPSK different OBO.
Base band Filter | NA Provides documentation of the

fidelity of the pulse shaping filters
used in the study.

Impulse Response and Frequency
Response are generated for

- Butterworth Filter
- SRRC Filter
- Gaussian Filter.

iii 19 April 2000
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Glossary

AWGN Additive White Gaussian Noise

BER Bit Error Rate

BPSK Binary Phase Shift Keying

FIR Finite Impulse Response

FQPSK Feher-patented QPSK

EFQPSK Enhanced Feher-patented QPSK

GMSK Gaussian filtered Minimum Shift Keying

GSFC Goddard Space Flight Center

HDRR High Data Rate Recelver

IF Intermediate Frequency

MSK Minimum Shift Keying

NRZ Non-Return to Zero data formatting

OBO Output Back-Off

OQPSK Offset Quadrature Phase Shift Keying with 1/Q modulator
OQPSK/PM Offset Quadrature Phase Shift Keying with linear phase modulator
PA Power Amplifier

PCM Pulse Code Modulation

PM Phase Modulation

PSD Power Spectral Density

QPSK Quadrature Phase Shift Keying

RF Radio Frequency

SFCG Space Frequency Coordination Group

SRRC Square Root Raised Cosine

SSPA Solid State Power Amplifier

XTCQM Cross Correlated Trellis Coded Quadrature Modulation
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Section 1 Executive Summary

1.1 Introduction

The SFCG has recommended that space science projects starting after the year 2001 comply with
an emitted spectrum mask for space-to-earth data transmission in the bands 2200-2290 MHz,
2290-2300 MHz, 8025-8400 MHz, and 8400-8500 MHz (SFCG Rec. 17-2R1). Typically,
techniques used to narrow the transmitted spectrum incur a cost of additional transmit power
required to achieve the same BER performance.

SFCG has conducted several studies to assess the spectrum and power requirements for several
candidate modulation techniques [1, 2, 3]. These studies computed RF transmit spectra and
additional transmit power required for each modulation technique but did not include
degradations in BER performance due to the transmitter imperfections that are typically specified
for GSFC missions.

The purpose of this study is to assess the addition power required for several bandwidth efficient
modulation techniques while including distortions caused by the transmitter hardware that are
typically specified for GSFC flight project transmitters. The results of this study can then be
used to assess the impact of compliance with the SFCG Rec 17-2R1 spectra mask to GSFC
missions.

The study addresses filtered OQPSK (using an I/Q modulator), filtered OQPSK/PM (using a
linear phase modulator), GMSK modulation, and enhanced FQPSK modulation. Enhanced
FQPSK is a form of Feher QPSK modulation proposed by Simon and Yan of NASA/JPL [9].
For filtered OQPSK, two filter types are studied: 6-pole Butterworth and Square Root Raised
Cosine (SRRC). For OQPSK/PM the Butterworth filter is studied. The study evaluates
performance of these modulation techniques with several different spacecraft transmitter power
amplifiers operating with the following three Output Back-Off (OBO) points:

e Saturation (0 dB OBO).
« 1dB OBO.
* Linear (6.7dB OBO).

The study evaluates the following performance metrics:
* Transmit signal spectrum.
* Implementation loss (Eb/No vs. BER degradation).
* Interference susceptibility (I/N that causes 1-dB degradation).

This study addresses the following questions for each modulation technique:
» Doesthe transmitted RF spectrum comply with the SFCG rec. 17-2R1 spectral mask?
* Isthe SFCG Rec. 17-2R1 spectral mask a reasonable restriction?

* What isthe penalty in transmission power required to achieve BER performance as compared
to unfiltered BPSK?

» Isthe modulation technique more susceptible to interference than unfiltered BPSK?

1-1 19 April 2000
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1.2 ResultsSummary

For each modulation technigue, the transmitted power spectrum was determined via simulation
and compared to the SFCG spectra mask. BER implementation loss was determined via
simulation for 10° and 10° BER. The results were obtained with three transmitter PA operating
points: 6.7-dB Output Back-Off (OBO) that results in a nearly linear amplifier characteristic; 1-
dB OBO; 0-dB OBO that represents operating at the saturation point. For the modulation
techniques that meet the spectral mask and incurred reasonable implementation loss, interference
susceptibility was assessed for wideband and narrowband interference. The results are
summarized in Table 1-1.

Observations

The observations that follow are based on Table 1-1 and the results presented in Sections 4, 5,
and 6 of thisreport.

e For filtered OQPSK, BTs of 1.0 is required to comply with the spectral mask and to
minimize implementation loss. Implementation loss for BTs = 0.5 is excessive. This would
represent a considerable impact to a spacecraft communication system design in terms of
size, weight and DC power consumption. The SRRC filter provides better performance than
the Butterworth filter although the SRRC performance is 8.2 dB worse than unfiltered BPSK.
For BTs=1.0 and BTs=1.5 the implementation loss is 1.0 and 0.5 dB higher than that for
BPSK. This is a reasonable cost for compliance with the SFCG recommendation; however,
this may not maximize DC power efficiency since this performance is achieved with 1-dB
PA output back off. In all casesthe 60-dB bandwidth and the implementation loss depend on
the power amplifier characteristics.

» For filtered OQPSK/PM with BTs = 1.0, compliance with the spectral mask is achieved with
reasonable increase in implementation loss. The 60-dB bandwidth and implementation loss
are insengitive to the backoff and performance is adequate with the worst case amplifier
characteristics (TWTA-1). This is possible due to the constant envelope of the OQPSK/PM
signal. With filtered OQPSK/PM modulation, implementation loss is only 0.6 dB higher
than for unfiltered BPSK. OQPSK/PM clearly has a performance advantage over the
OQPSK in terms of spectrum and DC power efficiency of the transmitter power amplifier.
Spectrum for OQPSK/PM with a Gaussian filter was assessed. Since the Gaussian filter did
not show improvement in spectrum performance, it was not assessed further.

* For GMSK, neither the BT = 0.5 or BT=1.0 meet the spectral mask with the PA OBO 1 dB
or 0.0 dB. In this case the nonlinear amplifier does not regenerate the sidelobes because the
GMSK signal has a constant envelope; but the main lobe of the spectrum is wider than the
main lobe for OQPSK and does not comply with the mask specification at 0.15 x symbol
rate.

* The simulations show that implementation loss for GMSK is nearly identical for BT=1.0 and
BT=0.5 and is approximately 0.6 dB higher than that for BPSK. This result is true for PA
operating at 1-dB OBO and at 0-dB OBO. This demonstrates that GMSK is a reasonable
technique for reducing the emitted signal bandwidth. By alowing operation at PA saturation,
DC power consumption can be minimized.

» For Enhanced FQPSK, the spectrum is compliant with the SFCG mask with the worst case
power amplifier characteristics. The implementation loss at 10° BER is 2.6 dB larger than
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for unfiltered BPSK. This result is obtained with a sub optimum receiver structure but
represents the QPSK equipment currently used in GSFC ground terminals. The 60-dB
bandwidth is actually wider than that for filtered OQPSK/PM.
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Table 1-1. Summary of Study Results

Modulation Amplifier Trans- Two-sided Compliance Implementation Loss Recom-
/Pulse Shaping mitter 60dB With mended
Filter Model PA Bandwidth | Rec.17-2R1
OBO Spectral Mask
SR >2 Msps / Relative to BPSK "
SR <2 Msps
@BER =10° | @BER =10"
BPSK TWTA -1 1.0dB 0.0dB 0.0dB
Unfiltered
OQPSK TWTA -1 1.0dB 637 x Rb No/No 0.3dB 0.3dB No
Unfiltered
OQPSK TWTA -1 1.0dB 4.2xRb Yes/Yes 12.8dB® >14.4dB" No
Butterworth Filter, TWTA -1 0.0 dB 5.5 x Rb Yes/Yes NA NA No
BTs=0.5
TWTA -2 0.0dB 3.4xRb Yeslyes NA NA
ESA SSPA 0.0 dB 4.8xRb Yes/Yes NA NA
OQPSK TWTA -1 1.0dB 4.8xRb Yes®/Yes 0.7 dB 1.0dB Yes
putteqworth Filter, TWTA -1 00dB | 4.8xRb Yes®/Yes 1.2dB 1.8 dB Yes
TWTA -2 0.0dB 4.0xRb Yes/Yes 0.55dB 0.8dB Yes
ESA SSPA 0.0 dB 3.9xRb Yes/Yes 0.55 dB 0.8 dB Yes
OQPSK TWTA -1 1.0dB 7.5xRb No/Yes 0.5 dB 0.7 dB No
Butterworth Filter, TWTA -1 00dB | 7.92xRb No/Yes NA NA No
BTs=1.5
OQPSK TWTA -1 1.0dB 3.7xRb Yes/Yes 4.2 dB 8.2 dB No
SRRC Filter,
BTs=0.5 TWTA -1 0.0 dB 3.8xRb Yes/Yes NA NA No
TWTA -2 0.0 dB 3.0xRb Yes/Yes NA NA
OQPSK TWTA -1 1.0dB 5.0 xRb Yes®/Yes 0.8dB 1.0dB Yes
SRRC Hier TWTA -1 00 dB | 50xRb Yes®/Yes 1.2dB 2.7 dB Yes
TWTA -2 0.0dB 4.0xRb Yes/Yes NA NA
OQPSK TWTA -1 1.0dB 7.6 X Rb No/Yes 0.4 dB 0.5 dB No
SRRC Filter,
BTs=15 TWTA -1 0.0dB 7.8xRb No/Yes NA NA No

1. Not explicitly simulated. Estimated from BER vs. Eb/No
curves.

2. For GMSK, BT is the product of the one-sided bandwidth of
the Gaussian filter and the bit duration.

3. GMSK simulation results for BT=1.0 and BT=0.5 were
nearly identical.

4. NA - Not Analyzed.

5.  The continuous component of the spectrum complies with
the mask, but the line components exceed the mask.

6. The spectrum complies with the mask outside of the
necessary bandwidth (+ 0.5 x SR), but exceeds the mask
within the necessary bandwidth.

7. Implementation loss relative to unfiltered BPSK with
transmitter distortions and with TWTA-1 operating at 1 dB
OBO.
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Table 1-1. Summary of Study Results (Continued)
Compliance Implementation Loss
Modulation Trans- | 1o sided with Recom-
' Amplifier mitter Rec. 17-2R1 Relative to BPSK "
/Pulse Shaping Model PA 60dB Spectral Mask mended
Filter OBO Bandwidth
SR >2 Msps/ _ans —an®
BER =10 BER =10
SR <2 Msps @ @

Unfiltered TWTA -1 1.0dB 637 x Rb No/No 0.3dB 0.4 dB No
OQPSK/PM
OQPSK/PM TWTA -1 1.0dB 3.0xRb Yes/Yes 0.50 dB 0.6 dB® Yes
puttenworth Filter, TWTA -1 0.0dB | 3.0xRb Yes/Yes 0.50 dB 0.6 dB® Yes
OQPSK/PM TWTA -1 0.0 dB 4.4xRb Yes/Yes NA NA No®
Gaussian Filter,
BTs=1.0
GMSK, BTs =1.0 TWTA -1 1.0dB 3.1xRb Yes“/Yes 1.1dB® 0.6dB“ Yes
(BT =057) TWTA -1 00dB | 3.1xRb Yes®/Yes 1.1dB® 0.6 dB® Yes
GMSK, BTs = 2.0 TWTA -1 1.0dB 5.16 x Rb Yes“/Yes 1.2dB® 0.6dB“ Yes
(BT=1.07) TWTA -1 00dB | 5.16xRb Yes®/Yes 1.2 dB® 0.6 dB® Yes

TWTA -1 1.0dB NA NA 1.4dB 2:62.1 dB" Yes
Enhanced
FQPSK TWTA -1 0.0dB 3.6 xRDb Yes/Yes 1.4 dB 2:62.1dB* Yes

1. Not explicitly simulated.

Eb/No curves.
2. For GMSK, BT is the product of the one-sided
bandwidth of the Gaussian filter and the bit duration.
3. GMSK simulation results for BT=1.0 and BT=0.5 were
nearly identical.
4.  NA - Not Analyzed.
5. The continuous component of the spectrum complies
with the mask, but the line components exceed the

mask.

Estimated from BER vs.

6. The spectrum complies with the mask outside of the
necessary bandwidth (£ 0.5 x SR), but exceeds the
mask within the necessary bandwidth.

7. Implementation loss relative to unfiltered BPSK with
transmitter distortions and with TWTA-1 operating at 1
dB OBO.

8. Not recommended because BER performance was not
assessed. Although BER perfomance may be better than
OQPSK/PM with a Butterworth filter, the Spectrum is
wider than OQPSK/PM with a Butterworth filter.
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Table 1-2. Summary of Study Results

Modulation/ Amplifier Trans- Interference Susceptibility
) mitter PA I/N for 1 dB Degradation
Pulse Shaping Model OBO at BER = 10°
Filter wB NB NB
(f=0.0) (f=0.5xRs)
Unfiltered OQPSK TWTA -1 1.0dB |-58dB" | -9.0dBY | -5.0dB"
OQPSK TWTA -1 1.0dB -5.8dB -9.7 dB -7.5dB
Butterworth Filter,
BTs=1.0 TWTA -1 0.0dB -5.8dB -9.6 dB -6.7 dB
GMSK, BTs = 1.0 TWTA -1 0.0dB -5.8dB | -11.3dB -7.3dB
- (2)
(BT=057) TWTA -1
GMSK, BTs = 2.0 TWTA -1 0.0dB -5.8dB | -10.2dB -6.6 dB
(BT=1.07)

1. Interference susceptibility for unfiltered OQPSK obtained via closed form analysis using
ideal user transmitter.

2. For GMSK, BT is the product of the one-sided bandwidth of the Gaussian filter and the
bit duration.

Table 1-2 provides an assessment of interference susceptibility for several of the modulation
techniques. Interference susceptibility results show that performance degradation due to
wideband and narrow band interference is similar for each modulation technique. This is
largely due to the fact that in each case an integrate and dump detector is used.

Conclusions

All of the bandwidth efficient modulation techniques studied are able to meet the SFCG high
data rate spectral mask with the exception of GMSK which exceeds the mask dlightly near
the center frequency.

Of the modulation techniques studied, OQPSK/PM with BTs=1.0 provides the best
combination of spectrum performance and BER implementation loss with a low complexity
integrate and dump receiver. This modulation technique allows compliance with the SFCG
spectral mask with worst case transmitter PA operating characteristics and has lower 60-dB
bandwidth an enhanced FQPSK. Implementation loss for OQPSK/PM modulation technique
is 0.6 dB higher than implementation loss for unfiltered BPSK.

Filtered OQPSK with BTs=1.0 has been verified by simulation to meet the SFCG mask when
transmitted via a PA with 1-dB OBO and 0-dB OBO for both Butterworth and SRRC filters.
The additional implementation loss incurred due to the filtering is 1.0 dB for both filters,
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» when transmitted via a PA with 1-dB OBO. With worst case amplifier characteristics 1.8 to
2.7 dB additional implementation lossisincurred for Butterworth and SRRC, respectively.

 GMSK incurs less than 1.0 dB of additional implementation loss compared to BPSK, even
with 0-dB OBO. However, the GMSK spectrum does not meet the spectral mask in the main
lobe region of the spectrum because the main lobe is wider than that of OQPSK.

* The modulation techniques together with the integrate and dump receiver studied are not
significantly more susceptible to wideband or narrowband interference than unfiltered QPSK.
Note that other studies [13] have used a matched filter receiver and have reported some
differences in interference susceptibility among modulation methods.

* The use of bandwidth efficient modulation techniques results in an increase in peak power
flux density for the modulation methods and integrate and dump receiver addressed in this
study. The increase is partly due to higher transmit power spectral density near the center
frequency and partly due to the increased EIRP required to compensate for increased BER
implementation |oss.

Recommendations

» Consider relaxing the portion of the SFCG spectral mask within 1x symbol rate to allow
GMSK modulation with transmitter distortions. This may aso alow other modulation
schemes and may not significantly increase adjacent channel interference. Relaxation of the
spectrum within 1x symbol rate te-adjacent-channe-interference has been proposed at the |
CCSDS Panel 1E meeting held in October 1999 and a draft liaison statement to SFCG was
prepared.

* NASA GSFC missions planning to use S-Band or X-band space-ground links and attempting
to meet the SFCG spectral mask should consider filtered OQPSK/PM (BTs=1.0) to reduce
spectral emissions while also maintaining low BER implementation loss using existing SN
and GN ground terminal equipment.

*  Further study of the modulation techniques should include assessment of:
Sensitivity of system performance to receiver parameters with filtered OQPSK, including
carrier tracking loop bandwidth. The current study used fixed carrier tracking loop.
Sensitivity of system performance to a non-ideal OQPSK/PM modulator. The modulator
used in this study included an ideal phase modulator.

* The cost impacts to existing NASA assets (e.g. ground terminals) should be evaluated and
considered prior to selecting a bandwidth efficient modulation scheme.
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Section 2 Introduction

2.1 Objective

The SFCG has recommended that space science projects starting after the year 2001 comply with
an emitted spectrum mask for space-to-earth data transmission in the bands 2200-2290 MHz,
2290-2300 MHz, 8025-8400 MHz, and 8400-8500 MHz. In order to comply with the
recommendation, transmitters must limit out-of-band emissions. Two methods of accomplishing
this are post power amplifier output filtering and use of a bandwidth efficient modulation
technique. SFCG has conducted several studies to assess the spectrum and power requirements
for several candidate modulation methods [1, 2, 3]. In these studies it was determined that post
power amplifier output filtering was impractical because of the size and insertion loss associated
with RF output filtering. Several bandwidth efficient modulation techniques were studied in [1,
2, 3]. Typically, these techniques allow transmission with a more narrow spectrum at the cost of
additional transmit power required to achieve the same BER performance.

At SFCG 18, recommendation 17-2R1 was adopted. Action item 18-17 was assigned to J-L.
Gerner of ESA with contributions from NASA and others to perform additional studies on the
candidate modulation methods to determine the interference susceptibility. Thereisalso adesire
by NASA GSFC to more accurately characterize the power requirements for Earth Science and
Space science missions by accounting for the impact of transmitter distortions on end-to-end
performance. The purpose of this study is to assess the addition power required for several
bandwidth efficient modulations techniques while accounting for distortions caused by the
transmitter hardware. The results of this study can then be used to assess the impact of
compliance with SFCG Rec 17-2R1 to GSFC missions.

The objective of this study is to assess the implementation loss and interference susceptibility of
filtered OQPSK, GMSK, and enhanced FQPSK (per Ref [9]) modulation schemes relative to
unfiltered BPSK modulation in the presence of typical transmitter distortions. This assessment
will specifically address the following questions for each modulation scheme:

1. Can thetransmitted RF spectrum comply with the SFCG rec. 17-2R1 spectral mask?
2. Isthe SFCG Rec. 17-2R1 spectral mask a reasonable restriction for GSFC missions?

3. What is the penalty in transmission power required to achieve BER performance as
compared to BPSK?

4. What is the impact of bandwidth efficient modulation on compliance with power flux
density restrictions?

2.2 Scope

This study will compute the spectrum and implementation loss for filtered OQPSK ,GMSK and
enhanced FQPSK modulation techniques. The study will compute interference susceptibility for
some cases of filtered OQPSK and GMSK. The study will include transmitter distortions typical
to X-band and S-band space-to-ground transmitters used for GSFC missions.

Filtered OQPSK modulations will include Butterworth and Square Root Raised Cosine (SRRC)
filters with various bandwidths. GMSK modulation will be assessed with BT=0.5and BT = 1.0.

The study will address performance with three different transmitter power amplifiers operating at
saturation and at 1-dB output back-off. The power amplifiers represent a TWTA with worst case

2-1 19 April 2000

CCSDSB20.0-Y-2 Page 1-271 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

AM/PM, aTWTA with reduced AM/PM and the ESA SSPA which has been used in other SFCG
studies.

Interference susceptibility will be assessed for narrowband interference centered at two fixed
frequencies and wideband interference.

2.3 Approach

The performances of the various modulation schemes are analyzed by simulation using the
Signal Processing Worksystem (SPW) software. The simulations will produce power spectral
density of the transmitted signals and bit error rate performance in the presence of transmitter
distortions, receiver imperfections and interference.

The transmitted power spectrum will be computed for each modulation technique and compared
to the SFCG spectral mask. A simulation model of the transmitter will be used to generate a
sample of the transmitter output signal. The spectrum of the output signal will be estimated from
the sample. The transmitter simulation model will include modulator distortions, linear filter
distortions and nonlinear power amplifier distortions. The transmitter distortion parameters and
parameter values are listed in Section 3.

BER simulations that include the transmitter model, an additive white Gaussian noise channel
and a ground terminal receiver model will determine implementation loss. The simulation will
estimate the BER vs. Eb/No performance. The implementation loss is defined as the difference
between the Eb/No required for 10° and 10° BER in the simulation and the theoretical required
Eb/No. The implementation loss tranglates into additional transmit power required to achieve the
desired BER. The difference between the implementation loss for each modulation technique
and that for BPSK will demonstrate the link budget cost of compliance with SFCG Rec 17-2R1.

Interference susceptibility will be determined by BER simulations similar to implementation loss
simulations with the addition of an interference signal added to the desired signa plus thermal
noise. The simulations will determine the interference signal level required to cause an
additional 1-dB degradation in BER Vs Eb/No performance. Two types of interference will be
analyzed: narrowband, modeled as a tone, and wideband, modeled as bandlimited noise.

The spectrum measurement, implementation loss and interference simulations will be performed
with a transmitter that includes various distortions. The objective of the study is to assess
performance at X-band and at S-band. Transmitters at these bands may have varying distortion
parameter values. The approach here is to use a baseline set of distortion parameters, based on
those for existing missions and two alternate sets. This approach allows the results to be applied
to both bands.

The end-to-end performance of the modulation techniques will depend on the demodulation and
detection method. In this study BPSK, filtered OQPSK and GMSK modulations techniques use
coherent detection with integrate and dump detection filters. Coherent detection is currently used
for existing missions and provides 3-dB improvement over noncoherent detection. Integrate and
dump data detection is optimum for unfiltered BPSK and QPSK in an AWGN channel.

For GMSK, coherent detection with 1&D detection filters is used with a modification to support
detection of GMSK.
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24 SFCG Recommendation 17-2R1

The SFCG,

CONSIDERING

a

that frequency bands allocated to the space science services are becoming more
congested as space missions multiply, data rates increase, and other services enter
these bands;

that usage of spectrum beyond what is actually required increases the potential for
interference to other users and at the same time may result in a higher susceptibility
to interference from other users of the band;

that notified bandwidth requirements beyond the amount of spectrum actually
required generally increases the coordination burden;

that subcarrier modulation techniques require substantially more spectrum compared
to suppressed carrier modulation techniques,

that the required bandwidth with subcarrier modulation is afunction of the subcarrier
frequency and the subcarrier-to-symbol rate ratio;

That, for telemetry subcarrier frequencies above 60 kHz, a subcarrier frequency-to--
highest symbol rate ratio not exceeding 4 (for Cat. A missions) or 5 (for Cat. B
missions) is generally sufficient to obtain acceptable performance;

that the presence of telecommand feed-through and/or ranging signals may require
the selection of a dlightly higher value of subcarrier frequency-to-highest symbol rate
ratio;

that subcarriers are not required any longer to separate telemetry data streams

because several channels can be present simultaneously on a single RF carrier if
virtual channels are used;

that there are no technical reasons which would require the use of subcarrier
modulation for symbol rates above approximately 60 kilosymbol/second (Kg/s);

that the use of PCM/PM/Bi-phase or PCM/PM/NRZ modulation is only justified
when a distinct carrier component is required and for symbol rates below 2 Mg/s;

that filtered modulation schemes have bandwidth characteristics which generally
reduce coordination burdens;

that spectrum shaping can be used to significantly reduce the occupied bandwidth;

RECOMMENDS

1.

2.

that, with immediate applicability to all space science service bands, space agencies
use the most bandwidth efficient modulation schemes practicable for their missions;

that, with immediate applicability to all space science service bands, subcarrier
modulation shall not be used except where absolutely required and then only for
symbol rates below or equal to 60 Kg/s;

2-3 19 April 2000

CCSDSB20.0-Y-2 Page 1-273 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

3. that, with immediate applicability to all space science service bands, if asubcarrier is
required, it shall comply with the specifications set forth in considering f) and g);

4. that, with immediate applicability to all space science service bands, PCM/PM/Bi-
phase or PCM/PM/NRZ modulation shall only be used when a carrier component is
technically necessary and for symbol rates below 2 Mg/,

5. That the emitted spectrum for all Space Science Services projects starting in or after
the year 2001, and that will utilize space-to-Earth link frequency assignments in the
bands 2200-2290 MHz, 2290-2300 MHz, 8025-8400 MHz, or 8400-8500 MHz,
adhere to the spectral emission masksin Figure 2-1.
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Figure 2-1. SFCG Rec. 17-2R1 Spectral Emission Limits

Notes
1. CCSDS Recommendations 401.0 (2.4.14A)B-1 and 401.0 (2.4.14B)B-1
CCSDS Recommendation for Packet Telemetry (CCSDS 102.0-B-2)

. For purposes of this Recommendation, the symbol rate is defined as the baseband
bit rate following error correcting coding (if applicable) and Bi-(encoding (if used)
but excluding any other spectrum modifying modulation.

4. Measured relative to the peak of the telemetry spectrum and excluding all spurious
emissions

2-4 19 April 2000
CCSDSB20.0-Y-2 Page 1-274 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

Section 3 Simulation Model

3.1 Oveview

Simulation models were developed to assess the implementation loss and interference
susceptibility of filtered OQPSK, GMSK and enhanced FQPSK modulation. The goa of the
simulation model is to accurately reflect the performance of the user transmitter hardware
including linear and nonlinear distortions.

Figure 3-1 shows an overview of the ssimulation models used in the study. The user transmitter
generates the user signal with the specified modulation format and distortions. The space-ground
channel adds thermal noise and an interference signal. The ground terminal includes linear
distortions due to front end filtering, carrier tracking, and symbol synchronization and data
detection. BER is measured by comparing the received data bits with the transmitted data bits.
The transmitted signal spectrum is monitored at the user transmitter output.

Interference
- C/No
Thermal - Wideband “UN
Noise - Narrowband
- Data Asymmetry
- Data Transition Density
Power RF Ground Terminal

Data Source Modulator = Amplifier Components(u) O Receiver

- Filtered OQPSK - AM/AM - Gain Slope - Carrier Tracking

- GMSK - AM/PM - Gain Flatness - Symbol Sync

- Enhanced FQPSK - Incidental AM - Phase Nonlinearity - Data Detection

- Phase Imbalance - Spurious Outputs - Linear Distortions

- i M i
- Gain Imbalance Spurious PNV Received
- Phase Noise Spectrum Data
Measurement
BER
Transmitted Data Measurement
Note: 1. RF Components represents cable, waveguides, diplexers, wideband output filters and antenna
components that contribute to linear distortion after the PA.

Figure 3-1. Simulation Model

3.2 Usear Transmitter Modd

The user transmitter model is designed to generate signals with the modulation schemes under
study, include impairments in the data source and modulator and include linear and nonlinear
distortions due to power amplifiers and output filters, waveguides and antennas. By including
the transmitter impairments we can more accurately assess the impact of compliance with Rec.
17-2R1.

The sections that follow describe in more detail the following components of the user transmitter
model:
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1 Data source.

2 Modulator (Filtered OQPSK, GMSK, Enhanced FQPSK).
3 Power Amplifier.

4 RF Components.

One objective of this study is to assess the performance of bandwidth efficient modulation
schemes in the presence of transmitter hardware distortions that are typica to GSFC flight
project transmitters. The transmitter distortion parameters and the associated values listed in
Table 3-1 are typically specified for transmitters used in GSFC flight projects with S-Band and
X-band communication systems. The goal of the simulation model is to accurately represent the
distortion caused by these parameters.

Table 3-1 aso shows the parameters used in the Phase 3 study [3]. Many of the parameters listed
in Table 3-1 were not addressed in the Phase 3 study. We expect the results of this study to show
more degradation than in the Phase 3 study due to the additional distortion effects.

Two of the parameters in Table 3-1 are not included in the simulation: Frequency stability and
data hit jitter. Long term frequency stability does not effect BER performance but does effect
initial acquisition. Since acquisition is not addressed in this study, frequency stability is not
included in the model. Short-term frequency stability is treated as phase noise that isincluded in
the simulation model.

Data hit jitter is caused by clock variation in the spacecraft data system. The receiver symbol
synchronizer tracks out low frequency jitter. High frequency jitter causes a mismatch in the
integrate and dump detector timing and results in BER degradation. The simulation tools used in
this study do not include data bit jitter. Analytic calculations of jitter impact indicate that for bit
jitter lessthan 1.0 %, BER degradation is less than 0.1 dB.

Table 3-1 indicates that severa parameters are not used for GMSK since they are not defined for
GMSK modulation. Data asymmetry in GMSK causes an average frequency shift and short term
frequency variations. This caused problems for the carrier tracking loop ssimulation. For GMSK
BER analysis the data asymmetry is0 %. Thisissueisdiscussed in Appendix B.
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Table 3-1. Representative GSFC Flight Project

S-Band and X-Band Transmitter Distortion Parameters

Phase 3
Source Parameter Set 1l Set 2 Study [3]
Data Source Data Transition Density 0.50 0.50 0.45
0,
Data Asymmetry, % (OQPSK 3.0 50 0.0

only)

Data Bit Jitter, %

Not simulated

Not simulated

Not Simulated

Modulator

I/Q Power Ratio (OQPSK only)

1.0:1.0

1.0:1.0

1.0:1.0

I/Q Data Skew. %

0.0

0.0

0.0

Frequency Stability, ppm

Not simulated

Not simulated

Not Simulated

Phase Noise, deg. rms 3.6 3.6 Not Simulated
Gain Imbalance, dB (OQPSK 0.25 05 Universal Phase
only) ' Modulator®
Phase Imbalance, deg. (OQPSK +2.0 +50 Universal Phase
only) = Modulator®
Data Transition Time, % Of See Table 3'2(5) See Table 3'2(5) TBD
symbol duration (OQPSK only)
Power Amplifier AM/AM, dB/dB 0.9, 0.47, 0.0 0.47,0.0 ESA SSPA®
AM/PM, deg./dB 0.0, 12.0, 15.0 12.0 ESA SSPA®
Incidental AM, % 5.0 5.0 Not Simulated

Data Transition Induced PM,
deg. Rms (OQPSK only)

See Table 3-3®

See Table 3-3®

Not Simulated

; @
RF Transmit 3 dB Bandwidth, MHz 2,000.0 2,000.0% Not Simulated
Components
®
Gain Flatness, dB *0.3 over +F MHz 0.6 OV%E *F Not Simulated
MHz
Gain Slope, dB/MHz 0.1 0.1 Not Simulated
Phase Nonlinearity, deg. +3.0 over +F MHz® | +6.0 over #F MHz" Not Simulated
Spurious PM, deg. rms 2.0 2.0 Not Simulated
Spurious Outputs (inband), dBc 30 30 Not Simulated
Notes:
1. F is defined as 70% of the first null of the transmitted signal spectral density.
2. Analog phase modulator was used instead of a QPSK modulator. Gain and phase response of the universal phase modulator is
provided in ref [3].
3. Characteristics of ESA SSPA operating in saturation were used.

4. Wide bandwidth is used to represent wideband RF transmit components. Typically GSFC flight project transmitters are specified
with minimum 3-dB bandwidth of 2x the transmitted symbol rate.

5. Measured from simulation.

These parameters are determined by other specified parameters.

determine the data transition time; therefore, these parameters are a function of the modulation scheme.

The filtering in particular will
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Table 3-2. Measurement of OQPSK Data Transition Time (% of

bol duration)

Pulse Shaping BTs Linear PA PA OBO=1.0dB PA OBO =0.0
Filter (OBO = 6.7 dB) dB

Butterworth Filter 0.5 117.5 136.5 130.8
1.0 44.8 44.5 38.4
15 29.9 30.4 26.8
SRRC Filter 0.5 97.0 74.2 43.2
1.0 47.0 43.2 30.3
1.5 30.3 34.1 22.7

Table 3-3. Measurement of OQPSK Data Transition | nduced PM (deg, rms)

Pulse Shaping BTs Linear PA PA OBO =1.0dB PA OBO =0.0dB
Filter (OBO =6.7 dB)
Butterworth Filter 0.5 0.0 19.0 33.0
1.0 0.0 10.0 16.0
15 0.0 11.0 17.0
SRRC Filter 0.5 0.0 17.0 32.0
1.0 0.0 10.0 16.0
15 0.0 9.0 16.0

3.2.1 Data Source

The data source represents the spacecraft on-board data system, which provides NRZ data to the
transmitter. The data source model produces a PCM data stream that will be provided to
modulator input. This model generates two data streams (I and Q) using PN sequence generators
usng NRZ-L, M data format. The PN sequence generators provide a sequence with data
transition density of approximately 50% and may include data asymmetry. The data source also
provides a reference signal to assist in BER estimation. The reference signal is an undistorted
signal that can be used to compare to the received signal in the BER estimator.

The data source includes data asymmetry in the output data streams. Data asymmetry n is
defined to be:

n=(-s)/(+s)

where | and s are the longest and shortest bit duration data segments following a high to low data
transition. Thus the data asymmetry can be introduced in the data stream by extending the high
level following a high to low transition. The result of data asymmetry block in Data Source
Model is extending the high level k more samples when the high level-following a high to low
transition, with

k=nxN

where, N is the nominal number of samples per symbole in the absense of data asymmetry. For
example, for a 5% data asymmetry and N = 20 samples per symbol, k= 1.0. In SPW
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implementation of data asymmetry, k is rounded to nearest integer. See Figure 3-2 for
illustration.

2 .
Input data with no asymmetry

I I . Output data with asymmetry

1
0.5

O :\ T T T :\

0 100 200 300 400 500
Sample Number

Figure 3-2. Data Stream with Data Asymmetry

3.2.2 Modulator
3221 BPSK,0QPSK, OQPSK/PM M odulator

The purpose of the BPSK/OQPSK modulator is to ssmulate a PSK modulator with baseband
filtering for pulse shaping and to include distortion due to gain and phase imbalance. The
modulator simulates BPSK, QPSK, OQPSK, and OQPSK/PM modulations using one or two
streams of baseband input data received from the data source. The baseband pulse-shaping filter
is either a Butterworth or Square Root Raised Cosine (SRRC) filter.

The Phase 3 Bandwidth Efficient Modulation study [3] recommended baseband filtering over IF
or RF filtering. Two modulator forms are possible in an implementation of baseband filtered
OQPSK. The first form uses a phase modulator or pair of phase modulators that phase modulate
acarrier with the filtered data stream. This configuration is shown in Figure 3-3.
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> @(t)
Data IQ data ¢ Pulse Shaping
Phase
Source to Phase | —p >
N Mapping Filter Modulator ’
1/2 Symbol
> - f
bty h(t) y(

Figure 3-3. Filtered OQPSK With Analog Phase Modulator (OQPSK/PM)

The input to the modulator is the | and Q NRZ data streams. The Q-channel data stream is
delayed by %2 symbol to create Offset QPSK. I-Q datais mapped to phase asin Table 3-4.

Table 3-4. 1-Q to Phase

| Channel Q Channel RF Carrier Phase
(degree)
-1 1 45
-1 1 -45
1 -1 135
1 1 -135

The phase signal goes through the pulse shaping filter, in contrast to filtered OQPSK described
in Figure3-4, where the | and Q channel data streams go through the pulse shaping filter. The
filtered phase signal is input to a linear phase modulator to produce the modulated output signal.
The modulator being used in the model is an ideal linear phase modulator. The output of the
modulator is:

S(t) = Acos(at + @(t) * h(t))
where, w: =carrier frequency, rad/s
@(t) is the phase output from the I-Q to phase mapping
h(t) is the impul se response of the pulse shaping filter
* denotes convolution

The modulated output has constant envelope, in contrast to the non-constant envelope output of
the 1/Q modulator. The constant envelope signal will be less effected by the AM/AM and
AM/PM distortion of the transmitter power amplifier.
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second form of modulator is an 1/Q modulator where the in-phase and quadrature carrier signals
are amplitude modulated with a filtered NRZ data stream. This implementation is illustrated in
Figure 3-4.

NRZ Pulse Shaping S

(X)
Filter ’\/
>——

90°
NE, 1/2 Symbol Pulse Shaping ‘AX\
Delay Filter 2/

Figure 3-4. Filtered OQPSK With I/Q Modulator

The output of the modulator is:
s(t) = yi(t) [Ein(wct + @) + y,(t) [tos(wt +¢)
where, Yi (1),yq(t) = filtered NRZ data
w, = carrier frequency, rad/s
¢ = oscillator phaseatt =0

In this implementation the magnitude variations due to filtering are present in the output signa
and as a result the output signal does not have a constant envelope. In the absence of filtering,
the implementations of Figures 3-3 and 3-4 produce identical output signals.

Pulse shape filtering is performed at the modulator output. This is mathematically equivalent to
baseband filtering with an I/Q PSK modulator as shown in Figure 3-4. Note that the model used
here does not apply to baseband filtering with alinear phase modulator and therefor may produce
different results than those presented in reference [3]. Appendix F provides implementation,
Impulse and frequency response of baseband filter.

The study will investigate the three cases of filtering listed below.
1. Nofiltering.
2. 6" order Butterworth filter (BTs=0.5, 1.0, 1.5).
3. Square Root Raised Cosine (SRRC) filter with roll-off factor = 0.5 (BTs=0.5, 1.0, 1.5).

For the Butterworth filter, B is defined as the one-sided 3-dB bandwidth and Tsis the inverse of
the individua | or Q channel symbol rate.
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The SRRC filter is typically defined relative to a specified baud rate so that the half power
frequency of the filter response occurs at frequency which is %2 of the baud rate. Therefore the
SRRC filter istypicaly specified with BTs = 0.5. In this study we use the SRRC filter with BTs
= 0.5, 1.0 and 1.5. With these parameters, the half power frequency response of the SRRC filter
occurs at Y2, 1 and 1.5 times the baud rate, respectively.

3.2.2.2 GM SK Modulator

GMSK is minimum shift keying (MSK) with a pre-modulation Gaussian filter. Figure 3-5 shows
the configuration of the GMSK modulator. MSK is binary digital FM with modulation index =
0.5. The pre-modulation Gaussian filter has narrow bandwidth and sharp cutoff, which
suppresses high frequency components thereby resulting in a bandwidth efficient modulation.
The Gaussian filter also has lower overshoot impulse response that protects against excessive
amplitude deviations. Appendix G provides Gaussian filter impul se response.

FM
al)_ | Gaussian ﬂ’ Modulator S

Figure 3-5. Configuration of the GMSK Modulator

When the data sequenceis{a }, awaveform of the transmitted bit sequence can be expressed as

()= 3bul-kr,)

01 =1
be=0,. 6\<_
oL a=0
;, O0<t<T,
t =
u() %); otherwise

When a(t) is filtered by a Gaussian LPF with its 3-dB bandwidth of B,, the filter output is given
by

b(t) = a(t) O c,(t)

[2m 2m?
¢ (t) = mB exp%E Bat? %

b(t) is then fed to the FM modulator with its modulation index of 0.5 to obtain the transmitted
signal expressed as

s (t) = Ateos(27f t +¢ft) +6,)
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oft)= 2le [t brlr

Since modulator distortion parameters for GMSK are not defined, gain imbalance and phase
imbalance are not included in the model. Data asymmetry was omitted from the GMSK
simulations used to obtain BER performance. Data asymmetry at the input to the GMSK
modulator causes a frequency shift that is incompatible with the receiver simulation model. This
phenomenon is discussed in detail in Appendix B.

3.2.23 Enhanced FQPSK Modulator

The definition of this modulation is provided in [9]. The definition is repeated here for
completeness. It generates sixteen basis waveforms s(i); i=0,1,2,..,15 defined over the interval
-T,/2<t<T,/2 which collectively form a transmitted signaling set for the | and Q channels.
The particular | and Q waveforms chosen for any particular T, signaling interval on each channel

depends on the most recent data transition on that channel as well as the two most recent
successive transitions on the other channel. The specific waveforms are as follows.

st)=A  -Sst=5 sl)=-s)
E A, —T—Zsstso
s(t)=1 s(t)=-s.(t)
- (- A)cos? O<t< s
H s 2
é—(l—A)coszTE, —T?Sstso
=()=1 : . sol)=-s0)
O<st<s—=
= A =155
m TS TS —_
33(t):1—(1—A)cosz_|_—, 5 Sts s, (t) = —s5(t)
T T,
s,(t)= Asin—=, —?Ssts?S s, (t)=-s,(t)
E‘ainﬂ+(l—A)sm2E, “Lcico
_ T T 2 _
s(t)=1 ot T siat) = -5 t)
O sn—, Ost<s-—=
= s 2
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Tt T,

E sinT—, —?Sstso
st=0 , T sut)=-s5(t)
%nT——(l—A)SinzT—, OStS?S
=g t —E E = -
%(t)—sni, st sis(t) = -5, (t)

Asindicated in [9], these basis waveforms exhibit the key Enhanced FQPSK property of having
no slope discontinuities anywhere in the time, regardless of the value of A selected. Note that for

the evaluations conducted here, avaue of 1/ \/5 was chosen for A.

The | and Q channel signals are selected according to the BCD code which is determined by the |
and Q channel datatransitions. The implementation of modulator isillustrated in Figure 3.6.

I3
D na I\Dl,n Dina S =5 (t)
/\@ SIGNAL
| =G MAPPING
Qo
Q3
Dan \ Don- Dan-2 i=1gx 2241, x22 + 1 x 2 + 1% 20
J j=Qex22+Qx22+Q x 2t +Qyx2°
hed sl
—
Il
! lo=Q

Figure 3.6. Enhanced FQPSK Modulator

3.2.3 Amplifier

The transmitter model includes a non-linear power amplifier. Three models are used in study,
TWTA -1, TWTA -2 and ESA SSPA model. The TWTA -1 and TWTA -2 are modeled as
AM/AM and AM/PM lookup table with the characteristics shown in Figures 3-7 and 3-8.The
gain transfer for TWTA -1 and TWTA -2 are identical and are based on TWTA. The AM/PM
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characteristics are parametric and are observed so that TWTA -1 has AM/PM at 12 dg/dB at 1 dB
OBO and TWTA -2 has AM/PM at 3 dg/dB at 0 dB OBO. ESA SSPA is taken from [8]. The
amplifier is used with three different operation points. The normal operating point is at 1-dB
output back off. For linear operation the output back off is6.7 dB. The linear operating point is
used for simulations without transmitter distortions. For operation at saturation, the output back
off is0 dB. Table 3-5 lists the AM/AM and AM/PM for each amplifier at the three operating
points.

120

—TWTA-1
100 A

—TWTA-2
80 1
¢ Linear Op. Point

60 -
A 1-dB OBO Point

40 ® Saturation Point

20

Phase Shift (deg.)
o

-20

-40

-60

-80

-100

-120 T T T T T T
-25 -20 -15 -10 -5 0 5 10
Input Power (dB)

Figure 3-7. TWTA -1land TWTA -2 Phase Shift vs. Input Power
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-30 ‘ ; ;
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Figure 3-8. TWTA —1 and TWTA -2 Output Power vs. I nput Power
Table 3-5. Model and Amplifier Operating Points Used in Simulation
Amplifier Operating Input Output AM/AM AM/PM
Point Back-Off Back-Off
Model
TWTA -1 Linear 14.0 dB 6.7 dB 1.0 dB/dB 0.0 °/dB
1-dB OBO 6.0 dB 1.0dB 0.47 dB/dB 12.0 °/dB
Saturation 0.0dB 0.0dB 0.0 dB/dB 15.0 °/dB
TWTA -2 Linear 14.0 dB 6.7 dB 1.0 dB/dB 0.0 °/dB
1-dB OBO 6.0 dB 1.0dB 0.47 dB/dB 0.0 °/dB
Saturation 0.0dB 0.0dB 0.0 dB/dB 3.0 °/dB
ESA SSPA Linear 14.0 dB 6.7 dB 1.0 dB/dB 0.0 °/dB
1-dB OBO 6.0 dB 1.0dB 0.7 dB/dB 0.2 °/dB
Saturation 0.0dB 0.0dB 0.0 dB/dB 0.9 °/dB

3.24 RF Transmit Components

A linear filter is used to produce gain and phase distortion with the parameters. gain slope gain
flatness, phase nonlinearity and 3-dB bandwidth. Thisfilter accounts for linear distortions due to
RF transmit components such as. upconverters, output filters, diplexers, waveguide and antenna
components. Three parameters are used for the filter: gain flatness, gain slope, phase
nonlinearity. The parameter values used in the simulations are listed in Table 3-1.
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3.3 Ground Terminal Receiver M odedl

The ground terminal receiver model includes carrier-tracking loop, symbol synchronizer, data
detection and linear distortion due to front-end RF/IF components. By including these receiver
functions, the BER performance can be assessed in the presence of phase error due to imperfect
carrier tracking and timing error due to imperfect symbol synchronization. The OQPSK receiver
isused for filtered OQPSK, filter OQPSK/PM and enhanced FQPSK.

Because of the differences between OQPSK and GMSK modulation, two different ground
terminal receiver models are used.

3.3.1 BPSK/OQPSK Ground Terminal Receiver Model

The BPSK/OQPSK ground termina receiver model performs carrier tracking, symbol timing
recovery, demodulation and bit detection for BPSK and OQPSK modulated user signals. The
model includes RF/IF components, carrier tracking loop, symbol synchronizer and data detector.
The configuration of the ground terminal receiver is shown in Figure 3-9.

Baseband
RF from data signal
spacecraft Car + noise F'%\Ielggv(;ared
transmitter RF/IF arrier Symbol Data ata
»| Components > Trka'ng »I Synchronizer | Detection ’
oop clock

Figure 3-9. BPSK/OQPSK Ground Terminal Receiver Configuration

The signal input to the ground terminal receiver is the RF signal received from the spacecraft
transmitter. The recovered NRZ datais provided as an output.

3311 RF/IF Components

The RF/IF components consist of the antenna, LNAS, donwconverters and connecting cables and
waveguides. These components convert the received RF signal to an intermediate frequency
suitable to the receiver and provide the signal to the receiver.

The aggregate linear distortions of these components are modeled as a composite linear filter
implemented prior to the receiver input. The parameters and values for these distortions are
provided in Table 3-6.

Table 3-6. RF/IF Components Linear Distortion Parameters

Parameter Value
3-dB Bandwidth 3.2 x Symbol Rate
Gain Flatness 0.6 dB (p-p)
Gain Slope 0.1 dB/MHz
Phase Nonlinearity 10°
3-13 19 April 2000
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The Input signal is the modulated RF signal from spacecraft transmitter. The output is the
modulated | F signal with additional linear distortion due to the RF/IF components.

3.312 Carrier Tracking Loop Mode

The carrier-tracking loop acquires the carrier, detects and tracks the phase of the signal. The
carrier tracking loop model accounts for phase error, which degrades BER performance, due to a
non-ideal carrier reference signal used in the coherent detection of BPSK/OQPSK signals.

The carrier-tracking loop is a modified second order Costas loop as described in [6] with arm
filters turned to the symbol rate. The assumed design is based on the High Data Rate Receiver at
NASA's White Sands Complex and is depicted in Figure 3-10 below. This design is optimized
for QPSK but is also used for OQPSK.

I Channel -
|
(X LpF
A
Phase
—_— v Detector
/2
Q| X
(X)—>| LPF >
Q Channel
P Loop |
vCo = filter

Figure 3-10. Carrier Tracking Loop Configuration

The arm filter is a lowpass filter designed to eliminate the high frequency (RF/IF) component of
the input and limit the impact of the thermal noise term. The bandwidth of the arm filter is tuned
to theinput signal datarate. The output of the arm filter isinput to the phase detector.

The parameters for carrier tracking loop include arm filter bandwidth, loop noise bandwidth, and
damping factor. The values of these parameters are provided in Table 3-7. The input to the
carrier-tracking loop is the modulated IF signal and the output is the demodulated baseband data
signal to be sent to symbol synchronizer.

Table 3-7. Carrier Tracking Loop Parameters

Parameter Value
Arm Filter 3-dB Bandwidth (2-sided) 3.07 x Symbol rate
Closed Loop Bandwidth 1.6x10° x Symbol rate
Damping Factor 0.223
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3.3.1.3  Symbol Synchronizer Model

The symbol synchronizer recovers the symbol timing of the demodulated signal and provides
clock signals synchronized with the data for use in data detection. Due to the additive noise at the
input, the symbol synchronizer generates timing error that degrades BER performance.

The symbol synchronizer used in the model isadual channel data transition tracking loop with a
second order closed loop transfer function (refer to [6]). It is based on the dual channel symbol
synchronizer in the High Data Rate Receiver at NASA's White Sands Complex.

The parameters and values for symbol synchronizer are provided in Table 3-8.

Table 3-8. Symbol Synchronizer Parameters

Parameter Value
Loop Noise Bandwidth 2.03x10*x Symbol Rate
Damping Factor 0.707

The input is the demodulated signal from carrier tracking loop. The outputs are the PCM
baseband signal and clock signal synchronized to the data transitions.

3.3.14 Data Detection

The detector, shown in Figure 3-11, provides matched filter hard decision detection for an
unfiltered BPSK/QPSK signal. For filtered BPSK/OQPSK, this filter is sub-optimal but is easier
to implement and is representative of existing equipment.

The input is PCM baseband signal and clock signal synchronized to the data transitions, and the
output is recovered NRZ data.

PCM baseband T |_ Recovered
signal > .[ > ] » NRZ Data
0
Clock From
Symbol Sync

Figure 3-11. BPSK/OQPSK Data Detector

3.3.2 GMSK Ground Terminal Receiver M odel

The coherent GMSK receiver performs carrier tracking, symbol timing recovery, demodulation
and data detection for GMSK modulated user signal. It includes ground terminal linear distortion
due to RF/IF component, carrier tracking loop, symbol synchronizer, and data detector.
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The GMSK ground terminal model is similar to the BPSK/OQPSK model except, the data
detector is modified to recover GMSK data and the phase detector is modified to correctly form
the GMSK phase error. Both the carrier phase detector and the data detector require a clock
signal synchronized to the symbol transitions to operate properly. In this smulation model an
ideal symbol synchronizer is used to generate a clock signal. The ground terminal receiver
receives RF signals from the spacecraft transmitter, and recovers the NRZ data as an output. The
configuration of the ground terminal is shown in Figure 3-12.

RF from Baseband
spacecraft data signal Recovered
transmitter Carrier + noise NRZ data
RF/IF . N Symbol Data
> Components > Trfglg;g Synchronizer Detection
i 1 5
clock
Figure 3-12. GMSK Ground Terminal Configuration
3.3.21 RF/IF Components

The RF/IF component model represents linear distortions due to the antenna, LNAS,
downconverters and connecting cables and waveguides. The aggregate linear distortions of these
components are modeled as a composite linear filter implemented prior to the linear receiver
input. The distortions are the same as those for BPSK/OQPSK indicated in Table 3-3.

The input to these components is the RF input signal transmitted from the spacecraft transmitter
and the output is an IF signal with additional linear distortions due to the RF/IF ground
components.

3322

The carrier tracking loop model accounts for the effects of a non-ideal carrier reference signal
used in the coherent detection of GMSK signals. The carrier-tracking loop is similar to the
modified Costas loop used for BPSK/OQPSK except for the phase detector. The phase detector
is modified to correctly form the phase locked loop error signal with a GMSK input signal based
on reference [5]. In the GMSK loop, proper phase detection requires the symbol synchronizer
clock. The phase detector includes a lowpass arm filter tuned to the symbol rate. The
configuration of the loop is shown in Figure 3-13. The phase detector, loop filter, and VCO are
configured to form a second order phase locked loop.

Carrier Tracking Loop Model
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Figure 3-13. Carrier Tracking Loop for GMSK

The carrier-tracking loop has two inputs: the received signal from RF/IF components and the
symbol timing clock from the symbol synchronizer. The output is | and Q channed GMSK
waveform.

The carrier tracking loop parameters include arm filter bandwidth, loop noise bandwidth, and
damping factor. The parameters for the carrier-tracking loop are listed in Table 3-9.

Table 3-9. Carrier Tracking Loop Parameters

Parameter Value
Arm Filter 3-dB Bandwidth (2-sided) 3.07 x Symbol rate
Closed Loop Bandwidth 1.67x10° x Symbol rate
Damping Factor 0.25

3.3.23  Symbol Synchronizer

The symbol synchronizer recovers the timing of the demodulated signal symbol transitions. The
timing signal is used for phase detection in the carrier tracking loop and for data detection in the
integrate and dump (1& D) data detector. The symbol synchronizer in this model provides perfect
symbol timing to the carrier tracking loop and data detector.

A symbol synchronizer can be implemented for GMSK with DTTL algorithm described in [5].
However, it causes additional performance degradation. The DTTL performance can be
improved by optimizing DTTL parameters. Since this study does not focus on imperfect timing,
perfect timing is assumed in this study.
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The output of the demodulated signal from carrier tracking loop is fed into the symbol
synchronizer for transition detection and then sent to data detector. Another output of this block
isthe perfect timing.

3.3.24 Data Detection

Hard decision coherent data detection is used in the ssmulation model. The coherent data detector
has the configuration shown in Figure 3-14. Integrated Dump detector represents minimum
complexity. One can use matched filter but it is complex.

Vi(t) Integrate Zero
| —————— & > order — jli
dump hold
Timing from Symtol _>a(t)
Synchronizer
Integrate Zero |_
Q—— > & > order >
Vo | cump hold _
Timing from S/mtol Square Vak(t)
Synchronizer waveform

Figure 3-14. GMSK Data Detector

The integrate and dump circuit of data detector is synchronized to the data transitions by the
symbol synchronizer The data detector uses an 1&D and limiter for the 1& Q channelsidentical to
BPSK/OQPSK, however, additional processing is required to recover the origina data sequences
for the GMSK modulation. The origina data is recovered by multipling 1&Q channel data
together with a sequence synchronous to the symbol transition as described in [5]. The data
detector receives the baseband GMSK waveform from symbol synchronizer and outputs the
recovered data sequences.

3.4 Interference Modd

To assess the interference susceptibility of the bandwidth efficient modulation, an interference
model is used that adds either a wideband or a narrowband interference signal to the transmitted
desired signal. Wideband interference is modeled as Additive White Gaussian Noise (AWGN)
spreading over the signal bandwidth and narrowband interference is modeled as a CW tone at a
constant frequency.

The interference model generates zero-mean Gaussian noise with the variance required to meet a
given C/N or signal-to-noise ratio. It also generated narrow or wide band interference with

power required to meet agiven | /N aswell.
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Figure 3-15 provides the block diagram of end-to-end system with white noise and wide band or
narrow band (tone) interference.

Interference

. ™ D ‘ _ .
Transmitter 4’<‘J —\‘ )—»(—I—) BPE »{ Receiver

y Y
BPF

AWGN .
A Asin(2rtt)
Ther_mal AWGN
Noise

Wideband Tone

Figure 3-15. End-to-end System with Noise and I nterference

The signal received at the ground terminal is:
r(t) =s(t)+n,(t) +n(t), wide-band
qt) +n,(t) + AGEn(2T X, @), narrow band

Table 3-10 lists the interference model parameters.

Table 3-10. Interference Model Parameters

Parameter Parameter Value
Wide-band Interference Bandwidth, BW, 3.2x Symbol Rate
Narrow-band Interference Frequency, fi 0 Hz, 0.5 x Symbol Rate
I/N Varied
Receiver noise bandwidth BW_ 3.2x Symbol Rate

The AWGN (thermal noise) is spread over the entire ssimulation bandwidth while the wide band
interference is over a certain specified bandwidth. As indicated in the diagram, the wide band
interference is generated by a white noise signal passing through a BPF. The narrow band
interference is modeled as asingle tone.

To present the white noise and interference, the following parameters are defined.
BW, -- Double side receiver noise bandwidth

BW, -- Double side wide band interference noise bandwidth, approximate to 3-dB bandwidth for
the BPF with high order as used in the simulation

P, -- Average signal power
N -- Average thermal noise power over the receiver noise bandwidth BW,

| -- Average interference power
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f, -- Sampling frequency

f; -- Interference center frequency
NR=C/N -- Signal-to-noiseratio in dB
INR=1/N -- Interference-to-noiseratio in dB

A -- Amplitude of narrow band (tone) interference

Appendix A provides the SPW interference model which is implemented by equivalent base
band complex signals. The detailed analysis and equation deviation are provided in Appendix A.
In the Appendix A, the signal power, noise power and interference power are represented as
complex signals while the real signal powers are used in this section. By taking account that the
real signal power is half of the complex signal power, the resultsin Appendix A are summarized
as below.

a) Thermal noise with the noise power meeting the required signal-to-noise ratio SNR.
Thermal noise power density is

with noise power N = W which is defined over the receiver noise bandwidth BW,, .

The noise variance of the thermal noiseis

fsPs
g, =
7 110(SWR19) Ry
b) Narrow band (tone) interference with required interference-to-noise ratio.
The amplitude A is

1,2_
SA —%)EBWn [N,

Az 2 EI.O(INR/:LO) 55
1oiSNP¢10)
The power spectral density of wide band interferenceis
W
lo =(/N E—L N
o= (/N .

The noise variance of the wide-band interference to bandpass filtering is:

¢) Wide-band interference
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(INR/10) ¢
g, = 10 SI\I.II:?S/lF)OS
BW, 10( )

3.5 End-to-End Link Simulation M odel

The transmitter, noise, interference and ground terminal models are combined in an end-to-end
simulation model. Randomly generated data bits are fed into the transmitter that generates the
modulated signal and provides the modulated signal to the ground terminal input. The ground
terminal model receives the transmitted signal plus interference and noise, and recovers the
original data bits. The recovered data bits are compared to the transmitted bits. A BER
estimator is used to estimate the probability of error for the link.

The difference between the measured performance obtained via simulation and the theoretical
performance is defined as implementation loss. Results for BPSK and OQPSK without filtering
are shown in Figure 3-16. Results for BPSK, OQPSK and OQPSK/PM without distortions are
shown in Figure 3-17. Results for GMSK are shown in Figure 3-18. These performance curves
serve to validate that the smulation performs as expected. With no distortions, the simulation
results are very close to the theoretical performance. With transmitter distortions, some
implementation loss is observed. As expected, implementation loss for QPSK is higher than for
BPSK.

1.E-02

—a— OQPSK- With Distortions, Unequalized

q
\ ® BPSK- With Distortions

O BPSK- No Distortions

1.E-03
BN,

— Theoretical BPSK

1.E-04

5 \1 N
' N
1.E-06 T T T <

6.0 7.0 8.0 9.0 10.0 11.0 12.0
Eb/No, dB

Probability of Bit Error

Figure 3-16. BPSK and OQPSK BER Performance Baseline
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1.00E-02 7
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—4— OQPSK,Bwfilter, BTs =1.0,TWTA -2, AM/PM =3deg/dB
B OQPSK, BW filter, BTs =1.0, TWTA -1, AM/PM = 15deg/dB
¢
1.00E-03 - I~ —— Theoretical BPSK
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N
]
i
)
5 2
z 1.00E-04
E \\ ™
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1.00E-06 T T |
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Figure 3-17. BPSK and OQPSK and OQPSK/PM BER Performance Baseline
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® GMSK, BT=0.5, without filter, Noise Seed=1
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A GMSK, BT=0.5, without filter, Noise seed=1585
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le)
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Figure 3-18. GMSK BER Performance Baseline
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Section 4 Filtered OQPSK & OQPSK/PM Simulation Results

41 Overview

This section presents the simulation results for filtered OQPSK and OQPSK/PM modulations.
The results are provided in the form of transmitted signal spectrum compared to the Rec 17-2R1
mask, implementation loss compared to the implementation loss for BPSK and interference
susceptibility.

4.2 Spectra
Summary:

The user transmitter simulation model described in Section 3 was used to generate power spectral
density plots for unfiltered OQPSK, Butterworth filtered OQPSK, SRRC filtered OQPSK,
Butterworth filtered OQPSK/PM, and Gaussian filtered OQPSK/PM. For each modulation, the
power spectral density was computed for several amplifier types. Two TWTA’s with different
AM/PM characteristics were used to assess the sensitivity of the spectrum to AM/PM. The ESA
SSPA was also used to allow comparison to other CCSDS and SFCG studies. The power spectral
densities for these modulation techniques are shown in Figures 4-1 to 4-32. Also included in the
plots are the high data rate and low data rate spectral masks recommended by SFCG Rec 17-2R1.
Table 4-1 summarizes compliance of the power spectral densities and the spectral masks
recommended by SFCG Rec 17-2R1.

The following observations are made regarding the information in Table 4-1:

1 Excluding the linear PA cases, the minimum two-sided 60 dB bandwidth was 3.0 x Rb.
This was with the SRRC filtered OQPSK, BTs = 0.5 and the Butterworth filtered
OQPSK/PM, BTs=1.0. Note that the two-sided 60 dB bandwidth of the SFCG high data
rate spectral mask is 6.0 x Rb.

2 All cases studied are within the SFCG high data rate spectral mask except for the BTs =
1.5 cases with anonlinear power amplifier.

3 The Butterworth filtered OQPSK/PM, BTs = 1.0 case resulted in two-sided 60 dB
bandwidth of 3.0 x Rb for all amplifiers operating at saturation, including the GSFC
TWTA-1 with AM/PM = 15 deg/dB.

The sections that follow provide the PSD plots for each case considered in this study.
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Table 4-1. Filtered OQPSK and OQPSK/PM Spectrum Performance

Modulation/P | Amplifier Model PA AM/PM Data BTs =0.5 BTs =1.0 BTs =15
ulse Shaping OBO Asym
Filter (deg /dB) | metry Two-sided Two-sided Two-sided
(dB) 60dB 60dB 60dB
Bandwidth © Bandwidth ® Bandwidth ©
Linear PA NA 0 deg/dB 0.0% 1.1x Rb [2] 1.94 x Rb [12]
Linear PA NA 0 deg/dB 6.0% - - 3.32 x Rb [22]
OQPSK TWTA-1 0.0dB 15deg/dB 0.0% 5.4 x Rb [3] 4.8x Rb [13] -
Butterworth TWTA-1 1.0dB | 12deg/dB | 6.0% 4.2 x Rb [4] 4.8 x Rb® [14] 7.5 x Rb?[23]
Filter TWTA-1 0.0dB | 15deg/dB | 6.0% 5.5 X Rb [5] 4.8 xRb® [15] | 7.92 x Rb?[24]
TWTA-1 0.0dB | 15deg/dB 3.0% 5.5 x Rb [6] 4.8 x Rb®™ [16] -
TWTA-2 0.0 dB 3 deg/dB 6.0% 3.4x Rb [7] 4.0 x Rb [17] -
ESA SSPA 0.0dB | 0.9 deg/dB 6.0% 4.8 x Rb [8] 3.9x Rb [18] -
OQPSK Linear PA NA 0 deg/dB 6.0% - - 3.56 x Rb [25]
SRRC TWTA-1 1.0dB | 12deg/dB | 6.0% 3.7XRb[9] 5.0xRb® [19] | 7.6 x Rb? [26]
Filter TWTA-1 0.0dB 15 deg/dB 6.0% 3.8 x Rb [10] 5.0 x Rb® [20] 7.8 x Rb? [27]
TWTA-2 0.0dB 3 deg/dB 6.0% | 3.0xRb[11] 4.0 x Rb [21] -
OQPSK/PM Linear PA NA 0 deg/dB 0.0% - 3.0 x Rb [29] -
BUttFe”ft‘g’?”h TWTA-1 1.0dB | 12deg/dB | 6.0% - 3.0 x Rb [30] -
TWTA-1 0.0dB 15 deg/dB 6.0% - 3.0x Rb [31] -
OQPSK/PM TWTA-1 0.0dB 15 deg/dB 6.0% - 4.4 x Rb [32] -
Gaussian Filter

1. The continuous component of the spectrum complies with the mask, but the line components exceed the mask.

2. The spectrum does not comply with the SFCG Rec 17-2R1 high data rate mask.

3. Number in bracket represents figure number; [2] represents figure 4-2.

4.2.1 Filtered OQPSK Spectra
Unfiltered OQPSK (Figure 4-1):

For Unfiltered OQPSK, we observe significant sidelobes in the power spectral density. Also, the
side lobes exceed the high data rate mask after the 3“ sidelobe. Discrete spectral components due
to data asymmetry are present.

4-2 19 April 2000

CCSDSB20.0-Y-2 Page 1-298 June 2001




REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

10

— Unfiltered OQPSK, TWTA -1
01 / \ —&— SFCG Rec 17-2R1 Mask, SR < 2 Mbps
—— SFCG Rec 17-2R1 Mask, SR > 2 Mbps
-10 —
20 /M w‘/ \ LA
) AL
" AW W
S W Y pe Y 1T
< At i Lk
2 40 T~
o /
=
&
[7)
@

50

.PAOBO=1.0dB

. AM/PM = 12 deg/dB
-60 . With Transmitter Distortions ol
. Data Asymmetry = 6%

-70

-80

-90 T T T
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
Normalized Frequency (F/Rb)

Figure 4-1. Unfiltered OQPSK Spectrum
(TWTA -1, PA OBO = 1.0 dB, AM/PM = 12 deg/dB)

Filtered OQPSK BTs= 0.5 (Figure 4-2 to Figure 4-11):

Figures 4-2 to 4-8 provide the PSD plots for the case of Butterworth filtered OQPSK with BTs=
0.5. Plots are provided for a linear amplifier, TWTA-1, TWTA-2 and the ESA SSPA. For
TWTA-1, plots are provided for 0 dB and 1 dB output back off and for different amounts of data
asymmetry.

Figure 4-2 shows the ideal spectrum for Butterworth filtered OQPSK with BTs = 0.5. This plot
was generated with a linear power amplifier and with no transmitter distortions. The two-sided
60-dB bandwidth is 1.1 x Rb and the spectrum is well within the high data rate mask. Figure 4-3
shows the same case except that the TWTA-1 with 0dB output back off is used. This plot
illustrates the effect of the nonlinear amplifier on the spectrum. Figure 4-4 shows the same case
as Figure 4-3 but with the TWTA-1 output back off set to 1 dB and with transmitter distortions
included; the spectrum is reduced in this case.

Figure 4-5 shows the same case as Figure 4-3 but with transmitter distortions added. In this case
data asymmetry is 6 %. Figure 4-5 shows line components in the spectrum due to data
asymmetry. Figure 4-6 shows the spectrum for the same case but with the data asymmetry
reduced to 3 %. The line components are reduced compared to the 6 % data asymmetry case.

Figure 4-7 and Figure 4-8 shows the spectrum with the TWTA-2 and the ESA SSPA,
respectively. In both cases the amplifiers are operating at saturation. The spectrum is
significantly reduced as compared to the spectrum with TWTA-1. This illustrates the impact of
AM/PM on spectral performance for this modulation.
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Figures 4-9 to 4-11 provide the PSD plots for the case of SRRC filtered OQPSK with BTs = 0.5.
Plots are provided for TWTA-1 and TWTA-2. For TWTA-1, plots are provided for 0 dB and 1
dB output back off.

Figure 4-9 shows the spectrum for SRRC filtered OQPSK with BTs=0.5. This plot was generated
with a TWTA-1 with 1dB output back off. Figure 4-10 shows the same case as Figure 4-9 but
output back off set to 0 dB. Figure 4-11 shows the same case as Figure 4-10 but with the TWTA-
2; the spectrum is reduced in this case.

Filtered OQPSK BTs= 1.0 (Figure 4-12 to Figure 4-21):

Figures 4-12 to 4-18 provide the PSD plots for the case of Butterworth filtered OQPSK with BTs
= 1.0. Plots are provided for a linear amplifier, TWTA-1, TWTA-2 and the ESA SSPA. For
TWTA-1, plots are provided for 0 dB and 1 dB output back off and for different amounts of data
asymmetry.

Figure 4-12 shows the ideal spectrum for Butterworth filtered OQPSK with BTs= 1.0. Thisplot
was generated with a linear power amplifier and with no transmitter distortions. The two-sided
60-dB bandwidth is 1.94 x Rb and the spectrum is well within the high datarate mask. Figure 4-
13 shows the same case except that the TWTA-1 with 0dB output back off is used. This plot
illustrates the effect of the nonlinear amplifier on the spectrum. Figure 4-14 shows the same case
as Figure 4-13 but with the TWTA-1 output back off set to 1 dB and with transmitter distortions
included; line components exceeds the high data rate mask.

Figure 4-15 shows the same case as Figure 4-13 but with transmitter distortions added. In this
case data asymmetry is 6 %. Figure 4-15 shows line components in the spectrum due to data
asymmetry. Figure 4-16 shows the spectrum for the same case but with the data asymmetry
reduced to 3 %. The line components are reduced compared to the 6 % data asymmetry case.

Figure 4-17 and Figure 4-18 shows the spectrum with the TWTA-2 and the ESA SSPA,
respectively. In both cases the amplifiers are operating at saturation. The spectrum is
significantly reduced as compared to the spectrum with TWTA-1. This illustrates the impact of
AM/PM on spectral performance for this modulation.

Figures 4-19 to 4-21 provide the PSD plots for the case of SRRC filtered OQPSK with BTs =
1.0. Plots are provided for TWTA-1 and TWTA-2. For TWTA-1, plots are provided for O dB
and 1 dB output back off.

Figure 4-19 shows the spectrum for SRRC filtered OQPSK with BTs=1.0.This plot was
generated with a TWTA-1 with 1dB output back off. Figure 4-20 shows the same case as Figure
4-19 but output back off set to 0 dB. Figure 4-21 shows the same case as Figure 4-20 but with the
TWTA-2.
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Figure4-2. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5,without distortions, Linear PA, AM/PM = 0 deg/dB)
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Figure4-3. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5, TWTA -1, PA OBO=0.0 dB, AM/PM = 15 deg/dB)
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Figure4-4. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5, TWTA -1, PA OBO=1.0 dB, AM/PM = 12 deg/dB,
Data Asymmetry =6%)
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Figure4-5. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5,TWTA -1, PA OBO=0.0 dB, AM/PM = 15 deg/dB,
Data Asymmetry = 6%)
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Figure 4-6. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5, TWTA -1, PA OBO=0.0 dB, AM/PM = 15 deg/dB,
Data Asymmetry = 3%)
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Figure4-7. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs= 0.5, TWTA -2,PA OBO = 0.0 dB, AM/PM = 3 deg/dB,
Data Asymmetry = 6%)
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Figure 4-8. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=0.5, ESA SSPA, PA OBO = 0.0 dB, AM/PM = 0.9deg/dB,
Data Asymmetry = 6%)
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Figure4-9. Filtered OQPSK Spectrum
(SRRC Filter BTs=0.5, a= 0.5, TWTA -1,PA OBO=1.0 dB, AM/PM = 12deg/dB, Data
Asymmetry = 6%)
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Figure4-12. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=1.0, Linear PA, AM/PM = Odeg/dB)
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Figure 4-13. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=1.0, TWTA -1, PA OB0O=0.0 dB, AM/PM 15 deg/dB)
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Asymmetry = 6%)

4-13 19 April 2000
CCSDSB20.0-Y-2 Page 1-309 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

10

-10

e /"\'\

-20

T
—Filtered OQPSK, SRRC Filter, BTs =1.0 , TWTA -1
—=—SFCG Rec 17-2R1 Mask, SR < 2 Mbps

—=— SFCG Rec 17-2R1 Mask, SR > 2 Mbps

-30

f Y

-40

v

Relative PSD (dB/Hz)

-50

-60

7//

-70

-80

.PAOBO=0.0dB
. AM/PM = 15 deg/dB

. With Transmitter

!’.j . Data Asymmetry = 6%

A

Distortions k
|

-90

N

10

-1 0

1 2 3

Normalized Frequency (F/Rb)
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Filtered OQPSK BTs= 1.5 (Figure 4-22 to Figure 4-27):

Figures 4-22 to 4-24 provide the PSD plots for the case of Butterworth filtered OQPSK with BTs
= 1.5. Plots are provided for a linear amplifier and TWTA-1. For TWTA-1, plots are provided
for 0 dB and 1 dB output back off.

Figure 4-22 shows the spectrum for Butterworth filtered OQPSK with BTs = 1.5. This plot was
generated with a linear power amplifier and with transmitter distortions. The two-sided 60-dB
bandwidth is 3.32 x Rb and the spectrum is well within the high data rate mask. Figure 4-23
shows the same case except that the TWTA-1 with 1dB output back off is used. This plot
illustrates the effect of the nonlinear amplifier on the spectrum; the spectrum does not comply
with the high data rate mask. Figure 4-24 shows the same case as Figure 4-23 but with the
TWTA-1 output back off set to O dB. In both figures, the spectrum does not comply with the
high data rate mask.

Figures 4-25 to 4-27 provide the PSD plots for the case of SRRC filtered OQPSK with BTs =
1.5. Plots are provided for alinear amplifier and TWTA-1. For TWTA-1, plots are provided for
0 dB and 1 dB output back off.

Figure 4-25 shows the spectrum for SRRC filtered OQPSK with BTs = 1.5. This plot was
generated with a linear power amplifier and with transmitter distortions. The two-sided 60-dB
bandwidth is 3.56 x Rb and the spectrum is well within the high data rate mask. Figure 4-26
shows the same case except that the TWTA-1 with 1dB output back off is used. This plot
illustrates the effect of the nonlinear amplifier on the spectrum; the spectrum does not comply
with the high data rate mask. Figure 4-27 shows the same case as Figure 4-26 but with the
TWTA-1 output back off set to 0 dB; the spectrum does not comply with the high data rate mask.
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Figure 4-22. Filtered OQPSK Spectrum
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Figure 4-23. Filtered OQPSK Spectrum
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Figure 4-24. Filtered OQPSK Spectrum
(6-Pole Butterworth Filter BTs=1.5, TWTA -1, PA OBO=0.0 dB, AM/PM = 15 deg/dB,
Data Asymmetry = 6%)
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Figure4-25. Filtered OQPSK Spectrum
(SRRC Filter BTs=1.5 a= 0.5, Linear PA, AM/PM =0 deg/dB, Data Asymmetry = 6%)
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Figure 4-26. Filtered OQPSK Spectrum
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Figure4-27. Filtered OQPSK Spectrum
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Asymmetry = 6%)
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4.2.2 Filtered OQPSK/PM Spectra

Unfiltered OQPSK/PM (Figure 4-28):

PSD plot for unfiltered OQPSK/PM is close to PSD for unfiltered OQPSK shown in Phase 3,
except the spikes here were caused by data asymmetry while the spikes in Phase 3 were caused
by dataimbalance.

Butterworth Filtered OQPSK/PM BTs=1.0

Figures 4-29 to 4-31 provide the PSD plots for the case of Butterworth filtered OQPSK with BTs
= 1.0. Plots are provided for alinear amplifier and GSFC TWTA-1. Plots are provided for 0 dB
and 1 dB output back off for aTWTA -1.

Figure 4-29 shows spectrum for Butterworth filtered OQPSK with BTs = 1.0. This plot was
generated with a linear power amplifier and with no transmitter distortions. The two-sided 60-
dB bandwidth is 3.0 x Rb and the spectrum is well within the high data rate mask. Figure 4-30
shows the same case except that the GSFC TWTA-1 with 1dB output back off and transmitter
distortions are included. Figure 4-31 shows the same case as Figure 4-30 but with the TWTA-1
output back off set to 0 dB. PSDS plots for Butterworth filtered OQPSK/PM are very close in the
case of OBO = 6.7,0BO = 1 and OBO = 0. For OQPSK/PM modulator, phase passes pulse-
shaping filter, AM/AM has little effects on the output from pulse shaping filter when PA OBO
changed from 1 to 0. This result will be justified by BER performance described in next
subsection.
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Figure 4-28. Unfiltered OQPSK Spectrum
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Figure4-31. Filtered OQPSK/PM Spectrum

(6-Pole Butterworth Filter BTs=1.0, TWTA -1, PA OBO=0.0 dB, AM/PM =15deg/dB, Data
Asymmetry = 6%)

Gaussian Filtered OQPSK/PM BTs=1.0

Figures 4-32 provides the PSD plots for the case of Gaussian filtered OQPSK with BTs = 1.0.
This plot was generated with a TWTA -1 output back off set to OdB and with transmitter
distortions. The two-sided 60-dB bandwidth is 4.4 x Rb and the spectrum is within the high data
rate mask. The Spectrum is wider than the OQPSK/PM spectrum in Figure 4-31.
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Figure 4-32. Filtered OQPSK/PM Spectrum

(Gaussian Filter, BTs=1.0, TWTA -1, PA OBO=0.0 dB, AM/PM =15deg/dB, Data Asymmetry
= 6%)

4.3 Implementation L oss
Summary:

The end-to-end BER simulation model described in Section 3 was used to generate BER vs.
Eb/No performance for BPSK, unfiltered OQPSK, filtered OQPSK, unfiltered OQPSK/PM and
filtered OQPSK/PM. Note that in all cases integrate and dump data detection is used. Although
not optimum for filtered modulations, integrate and dump detection is simple and reflects the
capabilities of equipment currently in use by NASA ground terminals. BER curves are provided
in Figures 4-33 to 4-38. The implementation loss for each modulation scheme was calculated
relative to theoretical BPSK performance. Table 4-2 lists implementation loss relative to theory
for a BER of 10° and 10° . Table 4-2 also lists implementation loss relative to BPSK with the
distortions listed in Section 3. This provides the additional transmit power required for the
bandwidth efficient modulation to meet the BER requirement relative to BPSK.

The following observations are made regarding the information in Table 4-2:

* Several bandwidth efficient modulation methods result in a modest increase in
implementation loss even though a suboptimum detection is used. These include:
Butterworth filtered OQPSK (BTs=1.0, 1.5), SRRC filtered OQPSK (BTs = 1.5) and
Butterworth filtered OQPSK/PM (BTs = 1.0).
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For SRRC and Butterworth filtered OQPSK with BTs = 0.5, the implmentation loss is
excessive. It is likely that these can be reduced by using a matched filter rather than the

integrate and dump detector.

For SRRC and Butterworth filtered OQPSK with BTs = 1.0, the implmentation loss is
excessive when the amplifier is operated at saturation. This was found to be true for the
TWTA-1. For Butterworth filtered OQPSK, the TWTA-2 and the ESA SSPA were also used

at saturation with improved results.

Butterworth filtered OQPSK/PM provided an increase in implementation loss of only 0.6 dB
with the TWTA-1 operating in saturation.
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Table4-2. BPSK, OQPSK and OQPSK/PM I mplementation Loss

Modulation Amplifier PA Transmitter Implementation Loss
Model Output | Distortions | Relative to theoretical BPSK Relative to BPSK®
Back-Off
@BER=10° | @BER=10° | @BER=10° | @BER=10°
BPSK, Linear PA NA None <0.1dB <0.1dB NA NA
unfiltered
BSPK, TWTA -1 1dB Set 19 0.2dB 0.6 dB 0.0dB 0.0dB
unfiltered
OQPSK, TWTA -1 1dB Set 1? 0.5dB 0.9dB 0.3dB 0.3dB
unfiltered
OQPSK- 6-pole TWTA -1 1dB Set 1? > 13 dB® >15dB" >12.8dB " >14.4dB "
Butterworth
Filter (BT=0.5)
OQPSK- 6-pole TWTA -1 1dB Set 19 0.9dB 1.6dB 0.7 dB 1.0dB
Butterworth
Filter (BT=1.0)
OQPSK- 6-pole TWTA -1 0dB Set 1? 1.4dB 2.4dB 1.2dB 1.8dB
Butterworth
Filter (BT=1.0) TWTA -2 0dB 0.75dB 1.4dB 0.55dB 0.8dB
ESA SSPA 0dB 0.75dB 1.4dB 0.55dB 0.8dB
OQPSK- 6-pole TWTA -1 1dB Set 1? 0.7dB 1.3dB 0.5dB 0.7 dB
Butterworth
Filter (BT=1.5)
OQPSK- SRRC TWTA -1 1dB Set 1? 4.4 dB 8.8dB ™ 4.2dB " >8.2dB "
Filter (BT=0.5)
OQPSK- SRRC TWTA -1 1dB Set 19 1.0dB 1.6dB 0.8dB 1.0dB
Filter (BT=1.0)
OQPSK- SRRC TWTA -1 0dB Set 1? 1.4dB 3.3dB 1.2dB 2.7dB
Filter (BT=1.0)
OQPSK- SRRC TWTA -1 1dB Set 1? 0.6 dB 1.1dB 0.4 dB 0.5dB
Filter (BT=1.5)
OQPSK/ PM) TWTA -1 1dB Set 1? 0.5dB 1.0dB 0.3dB 0.4 dB
Unfiltered
OQPSK/ PM TWTA -1 1dB Set 1? 0.7dB 1.2dB 0.5dB 0.6 dB
Butterworth
Filter (BT=1.0)
OQPSK/ PM TWTA -1 0dB Set 1? 0.7dB 1.2dB 0.5dB 0.6 dB
Butterworth
Filter (BT=1.0)
1. Not explicitly simulated. Estimated from BER vs. Eb/No curves
2. The transmitter distortions are same as Set 1, except no phase noise.
3. Set 1 with phase noise 3.6°rms is also simulated, resulted in less than 0.1 dB additional degradation.
4. Implementation loss relative to Unfiltered BPSK with transmitter distortions and with TWTA -1 operating at 1 dB OBO.
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44.1 Filtered OQPSK Implementation L oss

This section provides implementation loss results for filtered OQPSK modulation. Both
Butterworth and SRRC filters are addresses.

Basdline Performance

Figure 4-33 shows the BER vs. Eb/No performance for unfiltered BPSK and QPSK modulation.
The simulation results for BPSK with no transmitter distortions agree closely with the theoretical
results. When distortions are added, the implementation loss increases to 0.6 dB. The loss for
QPSK with transmitter distortions is approximately 1.0 dB. The BPSK performance with
transmitter distortions will be used as the baseline for comparison in this study.

Butterworth and SRRC Filtered OQPSK

BER vs. Eb/No performance for Butterworth filtered OQPSK is shown in Figure 4-34 for BTs =
0.5, 1.0 and 1.5 with the TWTA-1 amplifier operating with 1-dB output backoff. Similar results
for SRRC filtered OQPSK are shown in Figure 4-35. In both cases, BTs=0.5 produces an
excessively large implementation loss. This could be reduced by the use of a more complex
receiver.

For BTs = 1.0 additional BER simulations were performed with the TWTA-1 amplifier operating
with a 0-dB output backoff. Results for Butterworth and SRRC filtered OQPSK are shown in
Figure 4-36. In both cases an increase in implementation loss is observed with a dlightly larger
increase for SRRC filtered OQPSK.

The results presented in Figures 4-33 to 4-36 show performance with the TWTA-1 amplifier and
with 6 % data asymmetry. Some additional simulations for Butterworth filtered OQPSK (BTs =
1.0) were performed with different amplifiers operating at saturation and with 3 % data
asymmetry. These results are shown in Figure 4-37 and a comparison of implementation loss is
summarized in Table 4-3. The decrease in data asymmetry from 6 % to 3 % did not affect the
implementation loss results for this case with TWTA-1. A 1-dB improvement is observed
through the use of TWTA-2 and the ESA SSPA. Both TWTA-2 and the ESA SSPA have
significantly improved AM/PM performance in comparison to TWTA-1.

Table 4-3. Butterworth Filtered OQPSK (BTs= 1.0)
I mplementation Loss

Implementation Loss
@ BER = 10"
Amplifier Model PA OQutput 6 % Data 3 % Data
Back-Off Asymmetry Asymmetry

TWTA -1 1dB 1.6dB NA
TWTA -1 0dB 2.4 dB 2.4dB
TWTA -2 0dB NA 1.4dB
ESA SSPA 0dB NA 1.4dB
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Figure 4-37. Probability of Error vs. Eb/No for BPSK
and Filtered OQPSK Modulation, OBO=0.0 dB, using different PA model

4.3.1 OQPSK/PM Implementation L oss

This section provides implementation loss results for Butterworth filtered OQPSK/PM
modulation. Both and SRRC filters are addresses.

BER vs. Eb/No performance curves are provided in Figure 4-38.

Figure 4-38 shows performance for unfiltered QPSK and QPSK/PM. The results show close
agreement between these two cases. This is expected since without filtering, the two
implementations of OQPSK produce identical output signals. Differences in the performance
curves are within the confidence interval of the simulation.

Figure 4-38 shows that for filtered OQPSK/PM, the results for PA OBO =1 and PA OBO =0
are amost identical. Thisresultsis different than that found for OQPSK. Since OQPSK/PM has
constant envelope by design, amplitude variations are not present at the input to the power
amplifier; therefore, AM/AM and AM/PM effects do not degrade BER performnce. For this
reason the PSDs for the 1-dB and 0-dB output backoff cases are also almost identical.

The NASA/JPL Phase 3 report [3] analyzes a filtered OQPSK modulator which also used a linear
phase modulator. The results are compared here. With the Butterworth filter (BTs =1.0), an
Eb/No = 8.7 dB is required for a1 x 10°BER ( 1.9 dB implementation loss) in the NASA/JPL
Phase 3 report version of the modulator; the results from Figure 4-38 of this report show Eb/No
of 7.5 dB is enough for a1 x 10°BER. Some reasons for the different perfomrnce are: different
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transmitter distortion parameters, and a different implementation of the transmitter. Reference
[3] indicated that the filtered OQPSK modulator used in the study was not a true OQPSK and
therefore the results may not be valid.

1E-01

—&— Theoretical Uncoded Performance

— —OQPSK, unfiltered, PA OBO = 1.0 dB

OQPSK/PM, unfiltered, PA OBO =1.0 dB
1.E-02
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OQPSK/PM, BW, BTs = 1.0, PA OBO = 0.0 dB

- L
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b
N
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Figure 4-38. Probability of Error vs. Eb/No for unfiltered OQPSK and filtered
OQPSK/PM with 6-pole Butterworth Filter

4.4 Filtered OQPSK Interference Susceptibility
Summary

The interference model described in Section 3.4 was used to combine the transmitter, noise, and
ground terminal models in to an end-to-end simulation model as illustrated in Figure 3-16. The
interference is defined by the interference power to noise power ratio (I/N). For narrowband
interference, the interference center frequency is also specified. Wideband interference and
narrowband interference with center frequencies at OHz and 0.5 Rs were used to determine I/N
for 1-dB degradation relative to baseline performance (no interference) for the Butterworth pulse
shaping filter with BTs = 1.0.

The I/N results for filtered OQPSK end-to-end BER simulations with interference are shown in
Table 4-4. The I/N values are for a 1 dB degradation at a BER of 10°.
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Table4-4. 1/N (dB) for 1-dB degradation

Narrowband Interference Narrowband Wideband
Interference Interference
Case f,= OHz
f,=0.5Rs B,=3.2x SR
BW, BTs=1.0, PA OBO =1 9.7 -7.5 -5.8
BW, BTs=1.0, PA OBO =0 -9.6 -6.7 -5.8
Note 1: N defined on Bandwidth B, B,= 3.2 x SR.

4.4.1 Approach

We investigated wideband interference and narrowband interference with center frequencies at
OHz and 0.5 Rs. At Probability Bit Error 10 =, I/N was varied to achieve 1 dB degradation
relative to the baseline simulation results (no interference). At a Probability of BER of 10 ~°, 1dB
degradation achieved with narrowband interference at 0 Hz frequency for Butterworth filter and
SRRC filter PA OBO =0 dB.

To achieve a 1dB degradation the I/N was varried to obtain a BER curve by the SPW end-to-end
simulation, then compute BER degradation by comparing baseline BER curve at 10 °. BER vs.
Eb/No curves are shown in Figures 4-39 and 4-40 for a transmitter PA output back off of 1-dB.
We plotted BER vs. I/N was plotted for each case. I/N for a 1-dB degradation is obtained by
interpolating, as shown in Figure 4-41 and 4-42.
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Figure 4-41. Probability of Error vs. I/N, BW, PA OBO =1.0dB
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Figure 4-42. Probability of Error vs. I/N, BW, PA OBO = 0.0 dB
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4.4.2 Results

Table 4-4 shows I/N values to achieve 1 dB degradation in the presence of interference for
wideband and narrowband center frequencies 0 and 0.5 Rs at Probability Bit Error 10 .

As indicated in Appendix C, in the case of the wideband interference, I/N = -5.8 dB is the value
to achieve 1 dB degradation, which is verified by our SPW simulations.

For narrowband interference, frequency at 0 Hz has worse affects on BER than frequency 0.5 Rs,
as expected. Narrowband interference has worse effects on BER than wideband interference
does. For this reason, we select narrowband frequency at OHz to obtain I/N value to achieve 1 dB
degradation at Probability Bit Error 10 ° .
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Section 5 GMSK Simulation Results
5.1 Oveview

This section presents the ssimulation results for GMSK modulation. The results are provided in
the form of transmitted signal spectrum compared to the Rec 17-2R1 mask, implementation loss
compared to the implementation loss for BPSK modulation and interference susceptibility.

52 GMSK Spectra
Summary

The user transmitter simulation model described in Section 3 was used to generate power spectral
density plots for GMSK.For this modulation; the power spectral density was computed for
nonlinear amplifier and TWTA-1 amplifier. The power spectral densities for GMSK with various
setups are shown in Figures 5-1 to 5-6. Also in the plots are the high data rate and low data rate
spectral mask recommended by SFCG Rec 17-2R1. Table 5-1 summarizes compliance of the
power densities and the spectral masks Recommended by SFCG Rec 17-2 R1 and it is indicated
that the PSD does not comply with the mask, as distortions are included.

The following observations are made regarding the information in Table 5-1:

1 Excluding the linear PA cases, the minimum two-sided 60 dB bandwidth was 3.1 x Rb.
This was with BTs = 0.5. Note that the two-sided 60 dB bandwidth of the SFCG high
data rate spectral mask is 6.0 x Rb.

2 Excluding the linear PA cases, All cases studied are complies with the SFCG high data
rate spectral mask outside the necessary bandwidth ( + 0.5 x SR). It is recommended to
relax the portion of the SFCG spectral mask within 1x symbol rate.

3 The GMSK, BTs = 1.0 case resulted in two-sided 60 dB bandwidth of 5.16 x Rb for
TWTA -1 operating at saturation and 1 dB back off.

4 In Section 4.0, it is indicated that nonlinear PA operating point affects the filtered
OQPSK PSD. The lower PA back off results in higher OQPSK PSD sidelobes. Since
GMSK has constant envelope, its PSD is barely affected by the PA operating point. This
phenomenon is observed in Figures 5-3 to 5-6.

The sections that follow provide the PSD plots for each case considered in this study.
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Table 5-1. GMSK Spectrum Performance

Modulation/ Amplifier Model PA AM/PM Data BT =0.5" BT =1%
Pulse OBO Asymmet ) )
Shaping Filter @B (deg /dB) ry Two-sided Two-sided
60dB 60dB

Bandwidth ©® | Bandwidth®

GMSK Linear PA NA 0 deg/dB 0.0% 2.9x Rb[1] 3.6 xRb [2]
Gaussian TWTA-1 1.0dB 12 deg/dB 6.0% 3.1 x Rb? [3] 5.16 x Rb? [5]
Filter TWTA-1 0.0dB 15 deg/dB 6.0% 3.1 x Rb? [4] 5.16 x Rb? [6]

For GMSK, BT is the product of the one-sided bandwidth of the Gaussian filter and the bit duration.

The spectrum complies with the mask outside of the necessary bandwidth (+ 0.5 x SR), but exceeds the mask within

the necessary bandwidth.

3. Number in bracket represents figure number; [1] represents figure5-1.

Spectrafor Linear PA and No Distortions

Figure 5-1 and 5-2 show the spectrum for GMSK with BTs = 0.5 and BT s=1.0. This plot was
generated with a linear power amplifier and with no transmitter distortions. The two-sided 60-
dB bandwidth is 2.9 x Rb and 3.6 x Rb; the spectrum are well within the high data rate mask for
both cases. The spectrum for BT=1.0 has higher sidelobes due to the wider Gaussian filter
bandwidth. The spectra are very close to the mask near F/R =0.15.
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Figure5-1. GMSK Spectrum (BT=0.5, Linear PA, AM/PM 0 deg/dB, without distortions)

CCSDSB20.0-Y-2

5-2

Page 1-331

19 April 2000

June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

10 I

——GMSK, BT=1.0

0 1
/- \ —8— SFCG Rec 17-2R1 Mask, SR < 2 Mbps

-10 1

—#— SFCG Rec 17-2R1 Mask, SR > 2 Mbps

20

:30 A / \ A\_ \

Relative PSD (dB/Hz)
ey
o
e ——
|
2

-50 ! \\
-60
/ . Linear PA
-70 { . AM/PM = 0 deg/dB M
. Without Transmitter Distortions
80 \ Data Asymmetry = 0%

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
Normalized Frequency (F/Rb)

g

Figure5-2. GMSK Spectrum (BT=1.0, Linear PA, AM/PM = 0 deg/dB, without distortions)

Spectrafor BT=0.5 and Transmitter Distortions

Figure 5-3 and 5-4 provide the PSD plots generated with TWTA -1 with 0dB and 1 dB output
back off, with transmitter distortions and BT=0.5. Both spectra do not meet the mask near
F/R=0.3. Around F/R=2.0, there is about 20dB margin. The PA operating point does not
significantly affect the PSD due to the GMSK constant envelope. Therefore the PA may operate
at saturation point (0dB back off) and reach the highest DC power efficiency.
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Figure5-3. GMSK Spectrum (BT=0.5, TWTA -1, PA OBO=1dB, AM/PM = 12dg/dB, Data
Asymmetry=6%, with distortions)
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Figure5-4. GMSK Spectrum (BT=0.5, TWTA -1, PA OB0O=0.0dB, AM/PM = 15deg/dB, Data
Asymmetry = 6%, with distortions)
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Spectrafor BTs=1.0 and Transmitter Distortions

Figure 5-5 and 5-6 provide the PSD plots generated with TWTA -1 with 0dB and 1 dB output
back off, with transmitter distortions and BTs=1.0. Similar to that of BTs=0.5 Both spectra do
not meet the mask near F/R =0.3. Different form PSD for BT=0.5 which has 20dB margin at
F/R=2.0, there is only 5dB margin for BTs=1.0, due to a wider Gaussian filter and thus higher
sidelobes. The constant envelope of GMSK modulation allows the use of PAs operating at or
near saturation resulting in ahigh DC power efficiency.
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Figure5-5. GMSK Spectrum (BT=1.0,TWTA -1, PA OBO=1.0dB, AM/PM = 12deg/dB, Data
Asymmetry =6%, with transmitter distortions)
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Figure5-6. GMSK Spectrum (BT=1.0,TWTA -1, PA OBO=0.0dB, AM/PM = 15deg/dB, Data
Asymmetry = 6%, with distortions)

5.3 GMSK Implementation L oss

The end-to-end BER simulation model described in Section 3 was used to generate BER vs.
E./N, performance for GMSK. The BER curves are provided in Figure 5-7.

The implementation loss for each case was calculated relative to theoretical BPSK performance
and BPSK performance with distortions. Table 5-2 lists implementation loss relative to theory
for BER of 10° and 10°. Table 5-2 also lists the additional BER degradation relative to BPSK
with distortions listed in Section 3. This provides the additional transmit power required for the
bandwidth efficient modulation to meet the BER requirement relative to BPSK.

BER vs. Eb/No performance for GMSK is shown in Figure 5-7 for BT = 0.5 and 1.0 with the
TWTA-1 amplifier operating with 1-dB and 0dB output backoff. Implementation loss is nearly
identical for these four cases. This phenomenon is consistent with the observation in Section 5.2.
PA nonlinearity does not affect the constant envelope GMSK signal, and thus does not affect the
BER performance.

5-6 19 April 2000
CCSDSB20.0-Y-2 Page 1-335 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

1.00E-02

1.00E-03

1.00E-04

Probability of Bit Error

1.00E-05

1.00E-06

— Theoretical BPSK
¢
'\ ® GMSK, BT-0.5, W/Distortions
& GMSK, BT=1.0, W/Distortions
——Theoretical GMSK, BT=0.5
6 7 9 10 11

Eb/No (dB)

12

Figure5-7. Probability of Error vs. Eb/No for GMSK (BT=0.5, 1.0, PA OBO=1.0dB, 0.0dB)
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REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

Modulation Amplifier PA Transmi Implementation Loss
tter
Model Output | Distortio
Back- ns ;
Off Relative to theoretical BPSK Relative to BPSK®
@BER = 10° @BER = 10° @BER = 10° @BER =10°

BSPK, TWTA -1 1dB Set1? 0.2dB 0.6 dB 0.0dB 0.0dB
unfiltered,

GMSK, Linear PA NA None 1.0dB 0.8dB 0.8dB 0.2dB
BT =0.5"

GMSK, TWTA -1 1dB Set1? 1.3dB 1.2dB 1.1dB 0.6 dB
BT =0.5"

GMSK, TWTA -1 0dB Set1® 1.3dB 1.2dB 1.1dB 0.6 dB
BT =0.5"

GMSK, Linear PA NA None 1.1dB 0.8dB 0.9dB 0.2dB
BT =1.0%

GMSK, TWTA -1 1dB Set1® 1.4dB 1.2dB 1.2dB 0.6 dB
BT =1.0"

GMSK, TWTA -1 0dB Set1? 1.4 dB 1.2dB 1.2dB 0.6 dB
BT = 1.0%

1. For GMSK, BT is the product of the one-sided bandwidth of the Gaussian filter and the bit duration.

2. The same as setl except gain imbalance, phase imbalance and data asymmetry are not defined for GMSK.

3. Implementation loss relative to Unfiltered BPSK with transmitter distortions and with TWTA-1 operating at 1 dB OBO.

Conclusions

According to Figure 5-7 and Table 5-2, the following conclusions are reached. The smulated
BER performance is similar for BT=0.5 and BT=1.0, because the theoretical difference between
these two cases is within 0.2dB which within the simulation accuracy limits. The performance is
similar for OBO=1.0dB and 0.0dB due to the constant envelope GMSK signal. Additional 1oss of
0.6dB relative to BPSK is reasonable for the 1.0dB and 0 dB OBO cases. It is recommended to
study other constant envel ope modulation schemes.

54 GMSK Interference Susceptibility

Summary
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The interference susceptibility assessment includes wideband and narrowband interference. The
wideband interference is over the entire signa bandwidth and narrowband interference is
modeled as a tone with constant frequency. Interference susceptibility results are provided in this
section for wideband interference and narrowband interference results are provided for an
interference tone at two offset frequencies OHz and 0.5 Rs. Simulations were performed to assess
the additiona BER performance degradation due to interference. The ssimulation results are
summarized in Table 5-3. It is concluded that the performance is least susceptible to wideband
noise and most susceptible to narrowband interference at zero frequency offset from carrier.
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Table 5-3. Interference-to-Noise Ratio for 1dB Degradation, GMSK

Case I/N" (dB) for 1 dB Degradation
Narrowband Narrowband Wideband Interference,
Interference,f=0Hz Interference, f=0.5R, BW=3.2 R
GMSK BT=0.5 -11.3 -7.3 -5.8
GMSK BT=1.0 -10.2 -6.6 -5.8
Note:
1. Nis defined over the receiver noise bandwidth which is 3.2 R

Approach

An end-to-end BER simulation model was developed to study interference susceptibility as
shown in Figure 3-1. The interference model is described in Section 3.4. User transmitter and GT
receiver models are described in Section 3.2 and 3.3. End-to-end BER simulations were
performed to assess the additional BER degradation due to interference. The interference power
is specified by interference power to noise power ratio (I/N). Where | is the total interference
power and N is the noise power over the receiver noise bandwidth. The Simulation obtained a
certain I/N which causes a 1dB additional performance degradation at BER=1e-3, and 1e-5 with
respect to the baseline performance for GMSK provided in Section 5.3. The additional
degradation caused by wideband interference can be predicted analytically and is verified by the
simulation.

Two narrowband interference frequencies offset from the carrier are selected at 0 Hz and half of
the symbol rate. The phase of the interference signal is varied by dlight offset of interference
frequency to symbol rate.

In Figure 5-8, the baseline BER vs. Eb/No curves and provided together with BER performance
with wideband interference at I/N=-5.8dB. About 1dB additional degradation due to interference
at BER=1e-3 isindicated in Figure 5-8. This approach is applied for other cases to obtain the
relation between additional degradation and I/N.
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Figure 5-8. Probability of error vs. Eb/No for GMSK (theory, baseline, interference)

Results

By using the above approach, the relation between additional degradation and I/N is obtained by
simulation. Degradation vs. I/N curves are provided by Figure 5-9 and Figure 5-10 for BT=0.5
and B=1.0 with various interference.
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Figure 5-9. Degradation vs. I/N for GMSK BT=0.5
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Figure 5-10. Degradation vs. I/N for GMSK BT=1.0
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From Figure 5-9, Figure 5-10, the I/N resulting in 1dB BER degradation can be obtained and
Table 5-3 summarizes the results. It is concluded that the performance is least susceptible to
wideband noise and most susceptible to narrowband interference at zero frequency.

Sinz(nfi-rs)
(nfi-rs)2
has a 3.9dB difference between f, =0 and f; =0.5R, =1/2T,. Therefore, 3.9dB difference is

expected in I/N between two frequencies offset from carrier. From Table 3-5, I/N differences of
4.0dB and 3.6dB are obtained for BT=0.5 and BT=1.0 respectively. The simulation results agree
with the theory.

The power of interference at output of integrate & dump is proportional to which

The theoretical results provided in Appendix C are also presented in Figure 5-9 and Figure 5-10.
The wideband interference is equivaent to the white noise and can be treated as an increase in
the noise floor. The analytical results for wideband interference agree with the simulation very
well. For narrowband interference, the difference between the theoretical results and the
simulation are caused by the following reasons. First, the simulated degradation is for BER of 10
* while analysis is based on BER of 10°. Second, the analysis in Appendix C is based on MSK
with unlimited Gaussian filter bandwidth. The analysis is more accurate for higher BT value
(e.g., BT=1.0) than lower aBT (e.g., BT=0.5).
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Section 6 Enhanced FQPSK Simulation Results
6.1 Overview

This section presents the ssmulation results for enhanced FQPSK modulations. The results are
provided in the form of transmitted signal spectrum compared to the Rec 17-2R1 mask,
implementation |oss compared to the implementation loss for BPSK.

6.2 Enhanced FQPSK Spectra
Summary

The user transmitter simulation model described in Section 3 was used to generate power spectral
density plots for enhanced FQPSK modulation. For this modulation, the power spectral density
was computed for nonlinear amplifier and TWTA-1 amplifier. The TWTA-1 amplifier
represents worst case performance with AM/PM = 15 deg/dB. The power spectral densities for
enhanced FQPSK with various filters and distortions are shown in Figures 6-1 to 6-3. Also in the
plots are the high data rate and low data rate spectral mask recommended by SFCG Rec 17-2R1.
Table 6-1 summarizes compliance of the power densities and the spectra masks Recommended
by SFCG Rec 17-2 R1 and lists the two-sided 60-dB bandwidth.

The following observations are made regarding the information in Table 6-1:

1 Excluding the linear PA cases, the minimum two-sided 60 dB bandwidth was 3.52 x Rb.
Note that the two-sided 60 dB bandwidth of the SFCG high data rate spectral mask is 6.0
X Rb.

2 In Section 4.0, it is indicated that nonlinear PA operating point affects the filtered
OQPSK PSD. The lower PA back off results in higher OQPSK PSD sidelobes. Since
Enhanced FQPSK has constant envelope, its PSD is barely affected by the PA operating
point. This phenomenon is observed in Figures 6-1 to 6-3.

Table 6-1. Enhanced FQPSK Spectrum Performance

Modulation Amplifier PA OBO AM/PM Data Compliance Two-sided
Model (dB) (deg /dB) Asym- with SFCG 60dB
metry Mask Bandwidth @
Enhanced Linear PA NA 0 deg/dB 0.0% Yes 3.4 xRb[1]
FQPSK TWTA-1 0.0dB 15 deg/dB 0.0% Yes 3.6 xRb [2]
TWTA-1 0.0dB 15 deg/dB 0.0% Yes 3.6 X Rb [3]
1. Number in bracket represents figure number; [1] represents figure 6-1.
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Spectrafor Linear PA

Figure 6-1 shows the spectrum for Enhanced FQPSK. This plot was generated with a linear
power amplifier and with no transmitter distortions. The two-sided 60-dB bandwidth is 3.4 x Rb.
The spectrum iswell within the SFCG high data rate mask.

10

—— Enhanced FQPSK

" /. .\
f\ —#—SFCG Rec 17-2R1 Mask, SR < 2 Mbps
-10

—#—SFCG Rec 17-2R1 Mask, SR > 2 Mbps
-20 1 / \ \
. / / \ \ —\
-40

-50

-60 A n \-
. Linear PA
. . . AM/PM = 0 deg/dB
-70 N . . . H
1 ! . Without Transmitter Distortions
‘A f\l . Data Asymmetry = 0%
-80 r L] v V Ly \

-5 -4 -3 -2 -1 0 1 2 3 4 5 6
Normalized Frequency (F/Rb)

T~

Relative PSD (dB/Hz)

-90

Figure 6-1. Enhanced FQPSK Spectrum (Linear PA, AM/PM = 0 deg/dB without distortions)

Spectrafor Nonlinear PA

Figure 6-2 shows the spectrum for Enhanced FQPSK that was generated using a transmitter with
TWTA-1 and no other transmitter distortions. The two-sided 60-dB bandwidth is 3.6 x Rb. The
spectrum is well within the high data rate mask. Figure 6-3 is the same case as 6-2 but with
transmitter distortions; spectrum is well within the high data rate mask. In both cases the skirts
of the spectrum increase slightly as compared to the spectrum generated with the linear amplifier.
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Figure 6-2. Enhanced FQPSK Spectrum (TWTA -1, PA OBO=0.0dB, AM/PM =
15deg/dB, without distortions)
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Figure 6-3. Enhanced FQPSK Spectrum (TWTA -1, PA OBO=0.0dB, AM/PM = 15deg/dB,
With Transmitter Distortions)
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6.3 Enhanced FQPSK Implementation L oss

The end-to-end BER simulation model described in Section 3 was used to measure the BER
performance for enhanced FQPSK modulation. The BER curves are provided in Figure 6-4.

The implementation loss for each case was calculated relative to theoretical BPSK performance
and BPSK performance with distortions. Table 6-2 lists implementation loss relative to theory
for BER of 10° and 10°. Table 6-2 aso lists the additional BER degradation relative to BPSK
with distortions listed in Section 3. This provides the additional transmit power required for the
bandwidth efficient modulation to meet the BER requirement relative to BPSK.

Simulations were performed using the worst case TWTA at each of the three operating points
with the implementation loss at each point being nearly identical. This result is consistent with
the constant envelope property of the enhanced FQPSK signal.

1.00E-02

—e—Enhanced FQPSK PA Linear

—%— Enhanced FQPSK, PA OBO =1.0dB
Enhanced FQPSK, PA OBO=0.0dB

1.00E-03 — Theoritical BPSK

1.00E-04

Probability of Bit Error

1.00E-05

1.00E-06

1.00E-07 : : : .
6 7 8 9 10 11 12
Eb/NO (dB)

Figure 6-4. Probability of Error vs. Eb/No for EFQPSK
(PA OBO=1dB, 0dB,and Linear)
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Table6-2. Enhanced FQPSK I mplementation Loss

Modulation Amplifier PA Transmi Implementation Loss
tter
Relative to theoretical BPSK Relative to BPSK ?
Model Output | Distortio
Back- ns
Off @BER =10° | @BER=10° | @BER=10° | @BER =10°
BSPK, TWTA-1 1dB Set1® 0.2dB 0.6 dB 0.0dB 0.0dB
unfiltered,

FQPSK Linear PA NA Set1® 1.6 dB 3.22.7dB 1.4 dB 262.1dB

TWTA-1 1dB Set1® 1.6 dB 3.22.7dB 1.4 dB 262.1dB

TWTA-1 0dB Set1® 1.6 dB 3.32.7dB 1.4 dB 2721 dB

1. The same as setl except gain imbalance, phase imbalance, and data asymmetry, which are not defined for Enhanced FQPSK.

2. Implementation loss relative to Unfiltered BPSK with transmitter distortions and with TWTA-1 operating at 1 dB OBO.
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Section 7 Conclusions

7.1 Overview

The SFCG has recommended that space science projects starting after the year 2001 comply with
an emitted spectrum mask for space-to-earth data transmission in the bands 2200-2290 MHz,
2290-2300 MHz, 8025-8400 MHz, and 8400-8500 MHz (SFCG Rec. 17-2R1). Typically,
techniques used to narrow the transmitted spectrum result in a cost of additional transmit power
required to achieve the same BER performance.

This study has assessed the additional transmit power required for Filtered OQPSK, GMSK and
enhanced FQPSK modulation techniques while including distortions caused by the transmitter
hardware that are typically specified for GSFC flight project transmitters. The transmitted signal
spectrum for each modulation technique has been compared with the SFCG Rec 17-2R1 spectral
mask. To assess additional transmit power required, BER simulations were performed using a
low complexity integrate and dump detection receiver for all modulation techniques. The
integrate and dump detection is suboptimum for the modulation techniques studied but it
represents a low complexity receiver implementation and in provides good performance for
several modulation techniques that meet the SFCG high rate mask. In most cases the BER
performance can be improved by the use of a more complex receiver. Examples of a more
complex receiver techniques are: use of multiple matched filters, use of atrellis decoder.

Filtered OQPSK and GMSK modulation techniques have also been evaluated for interference
susceptibility to determine if they are more susceptible than QPSK to wideband and narrowband
interference.

Two implementations of filtered OQPSK were considered: the first uses baseband data filtering
followed by an 1/Q modulator; the second uses baseband data filtering followed by a phase
modulator. Both implementations yield identical OQPSK signals when filtering is removed.
With baseband filtering, the 1/Q modulator approach causes amplitude variations in the output
signal, while the phase modulator approach results in a constant envelope output signal.

For filtered OQPSK, two types of baseband filtering were considered: 6-pole Butterworth and
Square Root Raised Cosine. In both cases, several bandwidths were used. For filtered
OQPSK/PM, two types of baseband filtering were considered: 6-pole Butterworth and Gaussian.

7.2 Conclusions
721 Summary

Filtered OQPSK/PM PSD was found to be in compliance with the SFCG Rec 17-2R1 mask.
Filtered OQPSK PSD for BTs =0.5 and 1.0 was found to be in compliance with the SFCG Rec
17-2R1 mask but for BTs = 1.5 the filtered OQPSK PSD exceeds the SFCG Rec 17-2R1 mask.
For GMSK wit BT = 1.0 and 0.5, out-of-band emissions are well within the SFCG mask but the
main lobe of the spectrum does not comply with the SFCG mask specified at 0.15 times the
symbol rate. The enhanced FQPSK PSD was found to be in compliance with the SFCG Rec 17-
2R1 mask.

Constant envelope modulation with baseband filtering allows the best trade-off of bandwidth
occupancy and required power. These include GMSK, filtered OQPSK/PM, enhanced FQPSK
and XTCQM. Even with typica GSFC-specified hardware distortions, additional power
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required for GMSK and filtered OQPSK/PM relative to unfiltered BPSK was found to be
approximately 0.6 dB. Filtered OQPSK/PM has the additional advantage that it can be received
with an OQPSK receiver which is an existing capability at NASA SN and GN ground terminals.

The study found that the portion of the spectral mask within 1x symbol rate is overly restrictive.
The results of this study show that while the spectrum for GMSK meets this mask in theory,
when transmitter distortions are considered, the GM SK spectrum does not comply with the mask.
If the mask were relaxed in this area more modulation schemes would be able to comply. It
would seem that relaxing the in band portion of the mask would have little impact to adjacent
channel interference. A liaison statement from CCSDS Panel 1E to SFCG has been drafted to
recommend relaxing the high rate mask within 1x symbol rate.

Interference susceptibility results show that performance degradation due to wideband and
narrow band interference is similar for each modulation technique. Thisislargely due to the fact
that in each case an integrate and dump detector is used.

7.2.2 Filtered OQPSK with 1/Q Modulator

For filtered OQPSK, compliance with the spectral mask is achieved with BTs of 1.0 or less and
with al three PA operating points.

BER performance for filtered OQPSK shows that for BTs=0.5 the implementation loss is
significantly higher than for BPSK. This would represent a considerable impact to a spacecraft
communication system design in terms of size, weight and DC power consumption. The SRRC
filter provides better performance than the Butterworth filter although it is 8.2 dB worse than
BPSK. These BER results were obtained with the worst case TWTA and an integrate and dump
receiver. Performance could be improved by the use of a power amplifier with lower AM/PM
and by the use of a more complex matched filter receiver. These results were not pursued in this
study since the BER results for BTs = 1.0 were superior and the spectra for BTs = 1.0 were in
compliance with the SFCG high rate mask.

For BTs=1.0, the implementation loss is 1.8 dB and 2.7 dB higher than that for unfiltered BPSK
with the worst case TWTA at saturation for the Butterworth and SRRC filtered, respectively.
The loss can be reduced to 1.0 dB or lower with a 1-dB backoff of the worst case TWTA or by
use of a power amplifier with lower AM/PM. This is areasonable cost for compliance with the
SFCG recommendation.

For BTs = 1.5, BER performance was 0.7 dB and 0.5 dB higher than that for unfiltered BPSK
with the worst case TWTA at 1-dB output backoff for the Butterworth and SRRC filtered,
respectively. Performance with the TWTA at saturation was not assessed since the spectra for
BTs= 1.5 does not comply with the SFCG high rate mask.

For filtered OQPSK, narrowband interference at a 0 Hz frequency offset from the carrier has
worse affects on BER than at a 0.5 Rs offset, as expected. Narrowband interference causes more
BER degradation than wideband interference. The impact of narrowband and wideband
interference is not significantly different than for unfiltered BPSK; thisis largely due to the fact
that an integrate and dump detection was used in both cases.
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7.2.3 Filtered OQPSK with Phase Modulator

An dternate form of filtered OQPSK (OQPSK/PM) has been anayzed with a baseband
Butterworth filter with BTs= 1.0. The transmit signal complies with the spectral mask with the
transmitter power amplifier in saturation. Implementation loss is approximately 0.6 dB higher
than that for unfiltered BPSK using the worst case TWTA in saturation. This approach has
significant performance advantages over OQPSK with an 1/Q modulator. Both modulations can
be received with a standard OQPSK receiver.

Of the modulation methods addressed in this study, filtered OQPSK/PM provided the best
combination of spectral efficiency and low implementation loss with a low complexity receiver.
Since this modulator produces a constant envelope signal, performanceis relatively insensitive to
power amplifier characteristics.

Interference susceptibility was not analyzed for this modulation method but the performance is
estimated to be similar to that for filtered OQPSK since the same receiver structure is used and
the signal structure is similar to filtered OQPSK.

724 GMSK

GMSK incurs less than 1.0 dB of additional implementation loss compared to BPSK, even with
0-dB OBO. However, the GMSK spectrum does not meet the spectra mask in the main lobe
region of the spectrum because the main lobe is wider than that of OQPSK.

For GMSK, neither the BT = 0.5 or BT=1.0 meet the spectral mask with the PA OBO 1 dB or
0.0 dB. In this case the sidelobes are not regenerated because the GMSK signal has a constant
envelope, but the main lobe of the spectrum iswider than the main lobe for OQPSK and does not
comply with the mask specification at 0.15 x symbol rate.

The simulations show that implementation loss for GMSK is nearly identical for BT=1.0 and
BT=0.5 and is approximately 1.0 dB higher than that for BPSK. This result is true for PA
operating at 1-dB OBO and at 0-dB OBO. This demonstrates that GMSK is a reasonable
technique for reducing the emitted signal bandwidth. By allowing operation at PA saturation,
DC power consumption can be minimized. The BER results obtained in this study for GMSK
used an integrate and dump detector and a modified QPSK receiver. This represents a minimum
complexity receiver; however, GMSK is not compatible with existing QPSK receiver equipment.

it is concluded that GMSK modulation, received with an integrate and dump detector, is not
significantly more susceptible to interference than unfiltered BPSK.

7.2.5 Enhanced FQPSK

For Enhanced FQPSK, the transmit signal complies with the worst case TWTA in saturation.
Since this modulation produces a nearly constant envelope signal, performance is not
significantly impacted by the amplifier characteristics.

In evaluation of the measured enhanced FQPSK BER performance, it isimportant to consider the
detection means used. The receiver structure employed for this analysis was based on symbol-
by-symbol detection using an integrate-and-dump filter. Although this technique is suboptimal,
it most closely represents the existing equipment in use by NASA SN and GN ground stations.
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The simulations show that the implementation losses for enhanced FQPSK with symbol-by-
symbol integrate and dump detection are approximately 2.7 dB higher than that for BPSK for the
worst case TWTA in saturation. Performance is not significantly improved with the amplifier
operating with 1-dB backoff.

It islikely that the enhanced FQPSK BER performance could be improved substantially with the
use of either a matched filter symbol-by-symbol detector or, betters till, a trellis-coded
demodulator. Both approaches would require a more complex receiver and associated
modifications to existing NASA ground station equipment.
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Appendix A Interference and Noise Model

The link white Gaussian noise and interference model generates zero-mean Gaussian
noise with the variance required to meet agiven C/N or signal-to-noise ratio at a selected
point in the signal path. It also generates narrow or wide band interference with a
variance required to meet agiven | /N . This block acceptsthe C/N asan input signa in
dB and interference-to-noiseratio | /N isauser defined parameter.

Figure A-1 provides the block diagram of the interference and noise model.

fs/2BW, —
10.0 X
> , LAl x B
X vl
SNR o1 el Yy
I nput Average4>§<>_> \/— D‘ Make
Sign al—> Power c Complex
AWGN [—
>l K F | Make
Tt ~| Complex
G Complex |__, H K
w K, || Make Tone V4

Complex
I .
AWGN; LPF > ol 2rit J

o= @B, LT K, = 6w, 8w JaoT

Figure A-1. Noise and Interference Model
The input signals of the model include the transmitted user signal of the required signal-
to-noise ratio SNR. The output at node L is white Gaussian noise plus a wide band or
narrow band (tone) interference.

To analyze the performance of this block, the following parameters are defined.

BW, -- Double sided channel noise bandwidth

A-1 19 April 2000
CCSDSB20.0-Y-2 Page 1-353 June 2001



REPORT CONCERNING CCSDS RADIO FREQUENCY AND MODULATION

BW, -- Double sided wide band interference noise bandwidth, approximate to 3-dB
bandwidth

P, -- Average complex signal power

P, -- Average complex noise power

P -- Average complex interference power

f -- Sampling frequency

f; -- Interference center frequency

SNR=C/N -- Signal-to-noiseratio in dB

INR=1/N -- Interference-to-noiseratio in dB

A -- Amplitude of narrow band (tone) interference

The paragraph below show the derivation of white gaussian noise, narrowband tone

interference and wideband interference.

a) Generate white Gaussian noise at node E, with the noise power meeting the required
signal-to-noiseratio SNR.

Assumethe noise at node Eis Ng = Ng; + jNg, with noise density

NE
- — 0 H 2 _ 42 _ 42
Neoi = Neogq —T,and variance Og; =0g, =0¢

Obvioudly,
of =—f, (A.D

In order to meet the required SNR, the noise power should be
_ P

P = [o@RE0 (A2)
Noise power can also be represented as

D — EQi NEOq —

P, = BW, 5 +BW, , - BW,N¢, (A.3)

From equation (A.1), (A.2), and (A.3), it can be obtained

2 fsﬁs

O = (A.4)
2010 SR R,
From Figure A, the value at node A is; 10(S¥%10)
The value at node B is: fs
evauead node b IS > [BWn D_O(SNR/l())
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With the average signal power P,at node C, the value at node D is

f P, : : : . :
=0 . Itisobviously that the required noise is obtained at node E by
\/ 2110V’ By,

multiplying an unite AWGN with the scale factor at node D.

b) Generate narrow band (tone) interference at node H with required interference-to-
noise ratio.

Combining equation (A.1) and (A.3), the noise power is

2
P = Z?E BW, (A.5)

S

Therefore, the interference power is

2
P=P 10(INR/10) — 2?_5 BW, r10(INR/10) (A.6)

S
As narrow band interference is represented as a complex tone with power P, the
amplitude A should be

202
A= \/f—E [BW, [10(NR10)

S

= \/fi (BW, [100NR10) gy (A7)

S
=K, [0
where o isthe value at node D.

c) Generate wide band interference at node |

: . : : : : N
Assumethenoiseat nodel is N; = Nj; + JN;, withnoisedensity N,q =N, =%,
and variance o} =0, =07

2 _ I\IIO
Therefore, of =—fg (A.8)
2
The power of wide band interference at node J can be represented as
_ . N
P =BW, [-,\"2—0'+vai G%:BWiN,O (A.9)
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From equation (A.6), (A.8), and (A.9),
BW D_O(|NW10)
of =—"
BW,

(2 (A.10)

The scale factor at node G should be

5 - |BW, r10(INR0) -
! BW, E (A.11)
=K, 0g
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Appendix B GMSK Carrier Tracking for Transmitted Signal with
Data Asymmetry

JPL studied the GMSK spectrum and end-to-end performance with various kinds of
signal distortions except data asymmetry as signal re-clocking is assumed. Different from
other signal distortions such as gain flatness, phase nonlinearity: data asymmetry has
specific effects on end-to-end performance. This appendix provides the results of a study
on the effect of data asymmetry.

Figure B-1 and B-2 presented the power spectrum density of a GMSK signal with 6%
data asymmetry only. Compared with Figure 5-1 to Figure 5-6 which contain the GM SK
PSD without and with distortions together with various PA operating points respectively,
it is shown that the data asymmetry has more effect on resultsin awider bandwidth.

10

——GMSK, BT=05
] /. -\
M —B— SFCG Rec 17-2R1 Mask, SR < 2 Mbps
.10 H
/ \ —#— SFCG Rec 17-2R1 Mask, SR > 2 Mbps
20
< 30 A
: A\ "~
ho
s / \) \
o /
2
©
‘. / 1NN
’ A
60

{‘ ' \
. Linear PA
-70

/ \ . AM/PM = 0 deg/dB
80

. Without Transmitter Distortions
- . Data Asymmetry = 6%
-90 / \ T T t T
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

Normalized Frequency (F/Rb)

Figure B-1. GMSK Spectrum (BT=0.5, Linear PA, Data Asymmetry=6%, without
transmitter distortions)
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10
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Figure B-2. GMSK Spectrum (BT=1.0, Linear PA, Data Asymmetry =6%, without
transmitter distortions)

Besides affecting the signal bandwidth, the data asymmetry affects the carrier tracking. In
Section 3.2.2.2, the GM SK transmitted signal is represented as

s; (t) = Aleos(2rf .t + ¢ft)+6,)

oft)= 2le £, b(r )

where b(t) isthe NRZ data signal. As the +1 and -1 data have the equal probability, it is

obvious that the data asymmetry results in a phase accumulation, which is equivalent to
carrier frequency offset. In a real system, the accumulated phase is compensated for
offsetting the carrier frequency, together with the phase lock loop (PLL). By sweeping
carrier frequency , the carrier frequency is offset to cancel most of the phase
accumulation, and the residual phase variation isthen tracked out by PLL.

The second order PLL block diagram is provided in Figure B-3.
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| Phase
—>®—> Filter . . to Real
| Normalizer
A Bank ; & Imag
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symbol ynchronizerf

Complex
conj.

Figure B-3. Second Order PLL Block Diagram

The loop filter has the form of
2
E (s) _ 2¢w, S+ Wy,

For the following simulation setup

BT =05
R, =150Mbps
Data Asymmetry=6%

the average phase accumulation rate, or the carrier offset was determined to be
1.1852MHz by SPW simulation. The spectrum of residual phase variation indicates a
bandwidth of 1.5MHz, therefore the highest phase noise of 1.5MHz may need to be
tracked out by PLL. A tradeoff exists for choosing PLL loop bandwidth. A narrow PLL
bandwidth results in higher untracked phase noise while awide PLL bandwidth causes
higher thermal noise in the PLL and thus a higher probability of cycle slipping. A
reasonable PLL bandwidth is about lower than phase noise bandwidth of 1.5 MHz. SPW
simulations were conducted to search for the PLL parameters result in optimal tracking
performance. Table B-1 providesthe PLL parameters ssimulated and the 5th set of
parameter result in the best end-to-end performance.
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TableB-1. PLL Parameters Selection

CCSDSB20.0-Y-2

Page 1-360

Parameter setup w, 4 K
1 11.313 0.707 1.0
2 5.6565 0.707 2.0
3 2.2627 0.707 2.0
4 1.6971 0.707 6.0
5 1.6971 0.707 4.0
6 1.6971 0.707 2.0
7 1.13137 0.707 2.0
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Appendix C Wideband And Narrowband Interference Impact On
FOQPSK and GMSK

C.1 Introduction

C.1.1 Objective

The objective of this appendix isto present analytical models for assessing the impact of
wideband and narrowband interference on filtered OQPSK and GMSK BER
performance. These analytical models are intended to be used to provide verification for
the simulation results presented in the main body of the report.

C.1.2 Scope

This appendix derives analytica models for assessing the impact of wideband and
narrowband interference on filtered OQPSK and GMSK BER performance. The
derivation approach is an extension of the approach used in reference [7] for ng the
impact of wideband and narrowband interference on BPSK BER performance. Since the
BPSK analysis of reference [7] is a basis for the filtered OQPSK and GMSK analysis, it
is repeated in this appendix for completeness and convenience to the reader.

This appendix aso provides BER degradation plots based upon the filtered OQPSK and
GMSK interference models. The plots are provided in a variety of formats including
BER versus Sl for a constant E/N,, BER versus Eb/No for a constant I/N, and
degradation versus /N at a BER of 10°.

C.2 Analytical Models

This section presents the derivation of analytical models for assessing the impact of
wideband and narrowband interference on BPSK, filtered OQPSK and GMSK. The
analysisfor BPSK is presented first as the filtered OQPSK and GMSK analysis builds
upon the BPSK analysis.

C.21 BPSK

C.2.1.1 Wideband Interferer

This paragraph calcul ates the probability of error, Pe, for a BPSK system when wideband
interference is present. This approach duplicates the BPSK wideband Pe derivation in
reference [7]. For BPSK, the desired signal, s(t) is asfollows:

s(t) = A d(t) cos(w, t) eqg: C.1
Where: A isthe signal amplitude

d(t) isthe bit stream and is either +1 or -1
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w, isthe BPSK signal’s carrier frequency

Theinterference signal, i(t), is modeled as AWGN. Figure C-1 depicts the modeling
approach.

Channel
® Receiver
) + X)L PO ()t > A@)
0
n(t) 2cos(wyt)

Figure C-1. Interference Model

If the interference is AWGN, then the Pe equation is as follows which is the standard Pe
equation for BPSK, except No is replaced by No+lo:

_ 2Eb :
Pe=Q m@ eq. C.2

Where: E, isthe energy per bit for the desired BPSK signal
N, is the one sided noise power spectral density
|, isthe total interference power averaged over the desired signal’ s bandwidth.

=L
B

| is the total interference power. B is the desired signal’s bandwidth. For this analysis,

the bandwidth, B, is defined as follows:

B:g

Where T isthe BPSK signal’ s bit period.

C.2.1.2 Narrowband Interferer

This paragraph calculates the probability of error, Pe, for a BPSK system when
narrowband interference is present. This approach duplicates the BPSK narrowband Pe
derivation in reference [7]. For BPSK, the desired signal, s(t) isasfollows:
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s(t) = A d(t) cos(w, t) eg: C.3
Where: A isthe amplitude of the signal

d(t) isthe bit stream and iseither +1 or -1

w, isthe BPSK signal’s carrier frequency

The interference CW tone, i(t), is defined as follows:
i(t)= A, cos(w, t+6;) eq: C4

Where: A, isthe CW tone’s amplitude
w isthe CW tone's frequency

B, isthe CW tone's phase at t=0 relative to the phase of s(t). 6 isauniform
random variable with a probability density function (pdf) as follows:

2 when0<0<2mr
[

f6)= O
BJ otherwise

Reference [ 7] derives the equation for Pe when the interference is narrowband and the
desired signal modulation scheme is BPSK. Figure C.1 again depicts the modeling
approach. Reference [7], paragraph 2.2.1 states the following Pe resullt:

O O 00
— D
Pe= i J’ QE 2E> V2 J1-cos(AwT) cos(@)Déde eq. C.5
o O N SAa)T
3 E Ea

Where; Peisthe Pe averaged over all 6.
6 isarandom variable with the same pdf as 6. 6 isafunction of 6.
E, isthe energy per bit for the desired BPSK signal, S(t)
N, is the one-sided noise power spectral density
Siss(t)’ ssignal power
| isthe interference CW tone' s power
Aw=w - W

We can solve Equation C.5 via Numerical Integration with a computer. We can prove
equation C.5 asfollows assuming a“-1" bit was transmitted:

mix (t) =-A + A cos/Awt + 0] + noise eq C.6

Asshown in Figure C.1, mix (t) is the baseband signal plus noise. The second termin

equation C.6, A, cos[Awt + 0], isdue to the CW tone interferer. The “noise” term is due
to n(t).
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We can re-write equation C.6 by putting the CW tone term in quadrature form as follows:
mix(t) = -A + A, cos(8) cos[(Aw)t] - A, sin(B) sin[(Aw)t] + noise
Asshown in Figure C.1, A(t) isthe integrator’s output.

A(t) =-AT + A cos(8) j[cos[(Aw)t] dt- A sin(6) JT'si n[(Aw)t] dt + noise
0 0

T T
AN =-AT+A { I cos[(Aw)t] dt cos(B)- I sn[(Aw)t] dt sin(®) } + noise
0 0
We can now use the following trigonometry identity:
ycos(x + ¢) = A cos(x) + B sin(x)
Where for our problem:

.
A= Icos(Aw)t dt = (VAw) sin[(Aw)T]
0

T
B= ISi nAw)tdt = (Y/Aw) { 1-cos[(Aw)T] }
0

x=(8) y=JAZ+B2
¢ =tan” (B/A)
Thus;
A(t) = -AT + A [y] cos(6, +¢) + noise

Because 6, is arandom variable, we can set 6 = 6, + ¢ where 0 is also statistically a
random variable with a probability density function as follows:

gJZH when0< 6 <21
f® = 0O _
=0 otherwise

Thus,

A(t) =-AT + A,y cos() + noise
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We now need to find the Pe formula from A(t). We will define an s(t)_ .. as the

equiv

equivalent signa that yields the same A(t) as s(t), but without a CW tone interferer
present. Figure C-2 depicts the equivalent model.

Channel Receiver
. T
1)eys? »(+ LPFA ™ fe)a > A()
0
n(t) 2cos(w,t)

Figure C-2. Equivalent Interference Model

We can write §(t),,,, as follows:

D eqiv = A equiv COS(W, 1) eq: C.7

From s(t),,,, and A(t), we can find an expression for Eb,_,,, where Eb,_, is the bit energy at
the output of the integrator caused by (t),,,, when no interference is pr&ent. Oncewe

find Eb_ . we can find Pe asfollows which comes from the basic Pe formulafor BPSK:

equiv?

21 2Ebequw D

IQ

A, must have avalue where (t),,,

interferenceis present.

dé eqg: C.8
D

produces /\(t) at the output of the integrator when no

= (A(t)-noise)/T = [-AT + A,y cos(0)]/T

equw

=(A_. Y T/2

equnv equiv.

=[[-AT + A ycos(8)]/T ] T/2

equnv

Eb_, = A*T/2- AA.ycos(B) + A’y cos’(8)/(2T)

equiv

Because Eb = A*T/2, we have the following:

Eb,. = Eb{1- AA ycos(8)/Eb + A2y cos(8)/(2TED) }

equiv
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Eb_. = Eb{ 1- 2AA y cos(8)/(A’T) + 2A°y cod(8)/(2T°A%) }

equiv

—Eb[1- 2y cos(f) , y*cos®(6) |

equiv
e

Because(A/Ai)’ = S/l where Sisthe power of s(t) and | isthe power ini(t), we have the
following:

Eb

Eb,,,,=Eb[1- \‘;%“? ]1? eq: C.9

Also, from above;

V:J L - cod@aTl]? +sin?(awyml} = J L {2-2co(aw)T])
(Aw) (Aw)

V= (VAW V2 |1~ cos(Aw)T]

Thus,

Eb,,,,= Eb [1-L J1-cos[(Aw)T] cos(8) 1° eq: C.10

\/|§ (AT

The last step is to substitute equation C.10 into equation C.8 which proves equation C.5.

Filtered OQPSK
This section derives the Pe equations for FOQPSK for the following two cases:

Wideband Interference

Narrowband Interference

Wideband Interferer

Because a OQPSK or FOQPSK system can be thought of as just two BPSK systemsin
guadrature, the Pe for the FOQPSK modulation scheme with wideband interferenceis
exactly the same as equation C.2.

However, for OQPSK and FOQPSK, the energy/bit is 1/2 the energy/bit for BPSK when
the desired signal power, S, isthe same for both BPSK, OQPSK, and FOQPSK. For
example, s(t) for QPSK is asfollows:

A A .
s(t) = E d, (t) cos(w, t) + ﬁ do (1) sin(w, 1) eg: C.11
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where the total power of S(t), S, isthe same as the total power for the BPSK signal in
equation C.1. But, notice the amplitude in each of the QPSK channels isA , ot A.

J2

Therefore, the power and energy/bit in each QPSK channel is 1/2 the power and
energy/bit in the BPSK system.

The following is the Pe for FOQPSK when the interference is modeled as wideband
noi se.

2Eb H
Pe= H :C.12
Q No+loH =
Where: E, isthe energy per bit in each channel
N, isthe one sided noise power spectral density
|, isthetotal interference power averaged over the desired signal’ s bandwidth, B.

The desired signal’ s bandwidth, B, isthe same value as B for BPSK if the FOQPSK data
rateistwice the BPSK datarate.

Narrowband Interferer

Because a OQPSK or FOQPSK system can be thought of as just two BPSK systemsin
guadrature, the Pe for the FOQPSK modulation scheme with narrowband interferenceis
exactly the same as equation C.5, except that the signal power, S, becomes §/2. S
becomes S/2 because half of the signal power isin the | channel and half of the power is
in the Q channel. Thefollowing is the Pe for FOQPSK when the interference is modeled
as anarrowband CW tone:

O D ad
[l
Pe= I QE ZEb J1-cos(awT) cos(@)DédQ eg. C.13
21T ]

aNonAT 5

Where; Peisthe Pe averaged over all 8.

6 isarandom variable with the same pdf as 6. 6 isafunction of 6.
E, isthe energy per bit in each | and Q channel

N, is the one-sided noise power spectral density

Siss(t)’ ssignal power

| isthe interference CW tone’ s power

Aw=w -W
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Equation C.11 depicts how the signal power is divided between the | and Q channels

which results in theJ% term in equation C.13 rather than the\/l—g term in equation C.5.
Also for FOQPSK, equation C.6 becomes the following:

Mix (t) = A + A, coglAut + 8] + noise

V2

Repeating the narrowband interferer derivation in paragraph C.2.1.2 with the updated
mix(t) equation will yield equation C.13.

We can solve Equation C.13 via Numerical Integration with a computer.

C.22 GMSK
This section will derive the Pe equations for GMSK for the following two cases:

a Wideband Interference
b. Narrowband Interference

However, before calculating the GMSK Pe for each interference case, it is important to
understand how differential encoding/decoding affects the Pe. In order to demodulate the
GMSK signal described in section 3.2.2, the GMSK system requires differential encoding
in the modulator and differential decoding in the receiver.

C.2.2.1 Background

When a GMSK or MSK signal is modulated as described in section 3.2.2, a differential
encoder must be added to the input of the modulator in figure 3-5 and a differential
decoder must be added to the output of figure 3-14. Although this differential
encoding/decoding eliminates the phase ambiguity in the receiver’s reference signal, it
would be required even with an unambiguous reference signal. Figures 3-13 and 3-14
depict that prior to the differential decoder, the receiver demodulates the phase during
one “bit” interval to being either in the 1st and 3rd quadrants of the phase plane or in the
2nd and 4th quadrants of the phase plane. By looking at the previous bit period’s phase,
the differential decoder can determine whether the rotating phasor changed directions or
remained traveling in the same direction. The change in direction or lack of change
yields the bit’ s absolute value (+1 or -1).

Let us take an example as follows:

The input to the modulator in Figure 3-6 is as follows:
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&(t) = Desired data stream (X a(t) = Data stream to

to be transmitted “\ i > »  modulator in figure 3-6
1Bit Delay

(starting output +1)

Set: et)= +1-1-1+1+1+1-1-1+1-1-1-1-1+1+1-1+1

At the receiver, we will add the following differential decoder to the output of Figure
3-15:

&() = Detasiream a otput o . 3R (9 Desre cetasiream to b recoveres
bit synchronizer in Figure 3-15. It synchronizerinfigure S-
Assume phase starts in 3rd quadrant. -

1 Bit Delay

As shown in figures 3-13 and 3-14, &(t) = sgn(V (1)) - sgn(V (1)) - V(1) where V (1) has
the effect of being a positive square wave pulse which reconstructs the NRZ data stream.

Table C.1 lists the results of the bit sequence at each point along the system. In thetable,
the ellipses enclose bits that the encoder or decoder multiply together to obtain the output
bit to which an arrow points. The FM modulator produces a w, frequency when a(t)=+1
and produces a w, frequency when a(t)=-1. For this example, we assume that the phase
for the first bit, of &(t) isin the 3rd quadrant of the phase plane. However, the starting
guadrant is unimportant and is a function of the reference carrier, which has a phase
ambiguity. The starting quadrant does not affect the results for &(t).
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Table C-1: Differential Encoding/Decoding Example

e(t) a(t) Modulator a(t) é(t)
Frequency
+1 +1 W, +1 (3rd Quadrant C
assymed)

A= 1 3 Ay 1
-1 1%+l @, (\+1 — > 1
+1 +1 W, \L——F—»+1
+1 +1 W, +1 +1
+1 +1 W, -1 +1
-1 -1 o) -1 -1
-1 +1 W, -1 -1
+1 +1 W, +1 +1
-1 -1 W +1 -1
-1 +1 W, +1 -1
-1 -1 W +1 -1
-1 +1 W, +1 -1
+1 +1 W, -1 +1
+1 +1 W, +1 +1
-1 -1 W +1 -1
+1 -1 W -1 +1

We can now access the impact of the encoding/decoding process on the Pe. Figure C-3
depicts a new scenario for the receiver. Figure C-3 depicts how an error on the | Channel
can affect more than one bit at the input to the decoder. An error on the | channel affects
more than one data bit because the bit period of each channel, T, is twice as long as the
data rate period, Th. Because bits 4 and 5 have errors at the input to the decoder, bits 4
and 6 will have errors at the decoder output. Bit 5 of the decoder output will not be in
error. Bit 5 at the decoder output is dependent upon bits 4 and 5 at the decoder input. If
both bits 4 and 5 are incorrect at the decoder input, then the errors will cancel out at the
output of the decoder. Thus, the Pe for GMSK will be about twice the Pe for FOQPSK.
The GMSK Pe is not exactly twice the FOQPSK error because there may be adjacent
channel bit errors on the | or Q channels that lead to only two output decoder data bit
errors rather than four data bit errors. However, for low Pe scenarios, the probability of
two adjacent channels bit errors occurring is negligible compared to the probability of
single channel bit errors occurring.

We should note that if a non-differential encoder/decoder system is not employed for the
BPSK or FOQPSK systems, a phase ambiguity still results. Thus, the Pe for GMSK,
BPSK, and QPSK is the same for systems without a phase ambiguity. For the purposes
of this paper, a differential encoder/decoder is not required for FOQPSK. Therefore, in
this paper, GMSK has a Pe twice that of BPSK and FOQPSK, but the phase ambiguity
difference should be noted.
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C.2.2.2 Wideband Interferer

Because the GMSK receiver system is the same as the FOQPSK receiver except for the
differential decoder as stated in 5.1, the Pe for the GMSK modulation scheme with
Wideband interference is exactly the same as equation C.12, except the Pe is double. The
Pe equation for GM SK with Wideband interference is as follows:

_>.H[ 2Eb K _
Pe=2-Q No+ 1o eq: C.14

At first, doubling the Pe seems like a large increase, but in terms of power, the increaseis
small. For example if the Eb/(No+lo) = 9.7 dB, then the Pe for equation C.2 is 7.7E-06.
If the Eb/(No+lo) for equation C.13 is 10 dB, then a Pe of 7.7E-06 is again achieved.
Thus, for this case, the doubling of the Pe only means that an additional 0.3 dB of power
isrequired to achieve the same Pe.

+1
ERROR
| Channel >
1 t
+1+
Q Channédl >
1 t
+1+
Decoder >
(if No Errors) Bit #2| Bit #3| Bit #4 Bit #7 ¢
1|
+1+
Input to ERROR
Decoder >
(Wlth ERROR t
| Channel Error) .1 |

Figure C-3. | Channel Bit Error Example
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C.2.2.3 Narrowband Interferer

Because the GMSK receiver system is the same as the FOQPSK receiver system except
for the differential decoder as stated in 5.1, the Pe for the GMSK modulation scheme
with narrowband interference is exactly the same as equation C.13, except the Pe is
double. The Pe equation for GMSK with narrowband interferenceis as follows:

D 0 0o
0
Pe=2. o I Q 2|\I|Eob V2 J1-cos(AaT) cos(@)D%dG eq. C.15
AwT
@ H \r Ea

Where; Peisthe Pe averaged over all 6.
6 isarandom variable with the same pdf as 8. 6 isafunction of 6.
E, isthe energy per bit in each | and Q channel
N, is the one-sided noise power spectral density
Siss(t)’ssigna power
| isthe interference CW tone' s power
A=W - W

We can solve Equation C.15 via Numerical Integration with a computer.

C.3 Resaults

C.3.1 Filtered OQPSK
This section provides the following plots for FOQPSK with wideband and narrowband
interference for the two cases when AwT=0 and AwT=0.5:

a Peversus Sl for aconstant Eb/No =11 dB
b. Peversus Eb/No for aconstant I/N = -5 dB
c. Degradation in Peversus I/N for a constant Pe of 1x10°

We will define degradation in Pe as the increase in desired signa power, S, that is
required when interference is present to achieve the same Pe as when no interference is
present.

Case 1 Parameters (AwT=0):

Total Bit Rate = 50 Mbps, thus | Channel Bit Rate = 25 Mbps
T = Channel Bit Period = 1/(2.5x10")

w, = 8 GHz

w=8GHz-0MHz

Aw=0MHz

AwTl =0.0

-~ Qo0 oW
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The Pe versus S, the Pe versus Eb/No, and the Degradation in Pe versus I/N plots for
AwT = 0.0 are shown in Figures C-4, C-5, and C-6, respectively.

Case 2 Parameters (AwT=0.5):

Total Bit Rate = 50 Mbps, thus | Channel Bit Rate = 25 Mbps
T = Channel Bit Period = 1/(2.5x10")

w, =8 GHz

wW=8GHz-12.5MHz

Aw=125MHz

AwT =05

-0 Q0 oW

The Pe versus S, the Pe versus Eb/No, and the Degradation in Pe versus I/N plots for
AwT = 0.5 are shown in Figures C-7, C-8, and C-9, respectively.

When calculating the plots, the “I/N” parameter is a function of the bandwidth, B. As
stated in section C.2.1.1, the bandwidth was arbitrarily defined as follows:

B:E
T

Where for FOQPSK and GMSK, T, is the symbol period and R is the total bit rate. The
relationship between Eb/No and S/IN is asfollows:

S _Eb(R) _ Eb(2/T)
N NoB No(3.2/T)

S O.625E—b

N No

The relationship between Eb/No and S/N affects I/N because the following relationship is
also important when calculating the plots:

| _SIN

N Y

Thus, the narrowband curves in Figures C-6 and C-9 will shift right or left, if abandwidth
other than 3.2/T is chosen. Also, whether the narrowband interference model yields more
degradation or less degradation than the wideband interference model depends upon the
bandwidth chosen.
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Eb/No=11 dB for WB and Tone Interference
[FOQPSK, (w,-w;)T=0.5]

1.0E-02
—%—Narrowband Interference
—6—Wideband Interference
—E—No Interference

1.0E-03

1.0E-04 ¢

& 1.0E-05
1.0E-06 -
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1.0E-07
1.0E-08 T T T T T T T
10 12 14 16 18 20 22 24
S/I (dB)
Figure C-4. FOQPSK, Eb/No = 11dB, AwT=0
I/N =-5.0 dB for WB and Tone Interference
[FOQPSK, (wqo-w)T=0]
1.0E-02
—%— Narrowband Interference
e —6— Wideband Interference
—E&— No Interference
1.0E-03 H

\\

1.0E-06

Pe

1.0E-07 4

1.0E-08
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Figure C-5. FOQPSK, I/N = -5.0 dB, AwT=0
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Degradation versus I/N at 1X10® BER
[FOQPSK, (Wq-w;)T=0]

4.0
—>*— NB Degradation
—6—WB Degradation
35
3.0 §
254
2.0

Degradation (dB)

0.5 / /

0.0 T
12 10 -8 6 4 2 0
IIN (dB)
. — _5 —
Figure C-6. FOQPSK, Pe=1x10", AwTl=0
Eb/No=11 dB for WB and Tone Interference
[FOQPSK, (wq,-w;)T=0.5]

1.0E-02
—>*— Narrowband Interference
—6—Wideband Interference
—H&—No Interference

1.0E-03

1.0E-04

& 1.0E-05
0RO \M
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1.0E-07
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Figure C-7. FOQPSK, Eb/No = 11dB, AwTl'=0.5
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I/N =-5.0 dB for WB and Tone Interference
[FOQPSK, (w,-w;)T=0.5]

1.0E-02
—>*— Narrowband Interference
—6—Wideband Interference
—&—No Interference
1.0E-03 4
i
1.0E-04 -
& 1.0E-05 4
1.0E-06 -
1.0E-07 4
1.0E-08
7 8 9 10 11 12 13 15
Eb/No (dB)
Figure C-8. FOQPSK, I/N =-5.0dB, AwTl=0.5
Degradation versus I/N at 1X10° BER
[FOQPSK, (w,-w;)T=0.5]
4.0
—>— NB Degradation
—O6— WB Degradation
35
3.0
25

”0 / o

Degradation (dB)

. T

. e

05 /
g
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Figure C-9. FOQPSK, Pe = 1x10°, AwT=0.5

C32 GMXK

This section provides the following plots for GMSK with wideband and narrowband

interference for the two cases when AwT=0 and AwT=0.5:
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Pe versus S| for a constant Eb/No = 11 dB
Pe versus Eb/No for a constant I/N = -5 dB
Degradation in Pe versus I/N for a constant Pe of 1x10°

Case 1 Parameters (AwT=0):

Total Bit Rate = 50 Mbps, thus | Channel Bit Rate = 25 Mbps
T = Channel Bit Period = 1/(2.5x10")

w, = 8 GHz

w=8GHz-0MHz

Aw=0MHz

AwTl =0.0

The Pe versus S/, the Pe versus Eb/No, and the Degradation in Pe versus I/N plots for
AwT = 0.0 are shown in figures C.10, C.11, and C.12, respectively.

Case 2 Parameters (AwT=0.5):

Total Bit Rate = 50 Mbps, thus | Channel Bit Rate = 25 Mbps
T = Channel Bit Period = 1/(2.5x10")

w, =8 GHz

wW=8GHz-12.5MHz

Aw=125MHz

AwT =05

The Pe versus 51, the Pe versus Eb/No, and the Degradation in Pe versus I/N plots for
AwT = 0.5 are shown in figures C.13, C.14, and C.15, respectively.
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Eb/No=11 dB for WB and Tone Interference
[GMSK, (w,-w;)T=0]
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1.0E-04 \

—»— Narrowband Interference
—6—Wideband Interference
—B— No Interference

1.0E-05

Pe

1.0E-06

1.0E-07 4

1.0E-08
10

Pe

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06

1.0E-07 4

1.0E-08

14 16 18 20 22 24
S/I (dB)

Figure C-10. GMSK, Eb/No = 11dB, AwT=0

I/N =-5.0 dB for WB and Tone Interference
[GMSK, (wq-w))T=0]
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Figure C-11. GMSK, I/N =-5.0dB, AwT=0
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Degradation versus I/N at 1X10® BER
[GMSK, (w,-w;)T=0]

4.0
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Figure C-12. GMSK, Pe = 1x10”, AwT=0
Eb/No=11 dB for WB and Tone Interference
[GMSK, (w,-w;)T=0.5]
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Figure C-13. GMSK, Eb/No = 11dB, AwT=0.5
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I/N =-5.0 dB for WB and Tone Interference
[GMSK, (wy-w;)T=0.5]
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FigureC-14. GMSK, I/N =-5.0 dB, AwT=0.5
Degradation versus I/N at 1X10° BER
[GMSK, (wy-w;)T=0.5]
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Figure C-15. GMSK, Pe = 1x10”, AwTl=0.5
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Appendix D Hardware Distortion Parameters

This appendix addresses three hardware distortion parameters that are modeled in the
simulation results presented in this report. They are incidental AM, spurious PM and
spurious outputs. Each distortion is described in this appendix and the parameters are
provided in Table 3-1.

D.1 Incidental AM

Incidental AM, which may be introduced by the user transmitter, represents an
undesirable sinusoidal AM component superimposed on the desired signal. It is defined
as the modulation index of sinusoidal amplitude modulation on the data signal. In this
study, one incidental AM component is addressed, the following Figure D-1provides the
diagram for one incidental AM tone.

\ 4
PR

X(t)—> Gain, g

Undistorted signal

Modulation [— ! —» S(t)
index, m

Y

Distorted signal
coslwaut +¢)
Figure D-1. Block Diagram of Incidental AM

The distorted output signal is
s(t) = gx(t)L+ meos(@u t + 9

Where mis the incidental AM modulations index, w,, is the incidental AM radian
frequency, and ¢ is an arbitrary phase of incidental AM. Incidental AM is specified by
incidental AM modulation index min percentage, and incidental AM radian frequency

wAM .
There are two kinds of incidental AM. The first assumes that incidental AM does not rob

power from the desired signal - i.e., it essentially increases the transponder output power.
In this case, the gain gis 1. A more pessimistic assumption treats the incidental AM as

robbing power from the desired signal, thus maintaining the overall transponder output

power constant. In this case, the gain g = 1/ (i+ m?/ Zito keep the overall output power
constant. It is this latter assumption that we employ for present purposes.

Incidental AM robs the power form the desired signal and thus degrades the system
performance.
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D.2 Spurious Phase Modulation (PM)

Unwanted phase modulation to the transmitted signal is composed of continuous phase
spectrum components and discrete phase spectrum components. The continuous spectrum
is generated by that component of the undesired phase modulation defined as phase noise,
while the discrete spectral components are defined as spurious phase modulation (PM). A
mathematical model for spurious PM is presented in Figure D-2.

ay cos(2nf1 +@ @ LO with undesired
phase modulation |

a, cos(2nf2 +(p2) —>/;

Distorted Signal s(t)

Undistorted Signal x(t)

Figure D-2. Block Diagram of Spurious PM

Figure E.2 indicates an IF signal is upconverted by local oscillator which includes
undesired phase modulation or spurious PM. The IF signal and distorted RF signal can be
represented as

x(t) = Acos(m.t + olt)+6)
s(t) = Acos@vct +0(t)+ o+ 54 cos(2rf t + ¢ )E}

where A isthe signal magnitude. G(t) isthedata. @,¢@ arearbitrary phase. a; isthe
magnitude of each spurious PM.

The rms values of the sinusoid phases and the frequency f,, f, arethe parameters
specifying spurious PM.

Spurious PM causes cycle sipping and untracked phase error, and thus results in
degraded carrier tracking and BER performance.

D.3 Spurious Outputs

Spurious outputs are defined as the sum of the power in al spurs within the specified
bandwidth, measured relative to the total signal power. dBc is used to represent the spur
power relative to total signal power. Figure D-3 provides the block diagram of two spurs.

by cos{2rtyt + cpﬁ—/;—l

b, cos(2r, + @, )—>/g

Distorted Signal s(t)

Undistorted Signal x(t) »
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Figure D-3. Block Diagram of Spurious Outputs
The distorted signal is represented as
st) = x{t)+ 3 by cos(2rfit+ )
i

The spurious outputs is specified by spur frequency f;, f, and the total spur power in
dBc, whichisrelative to the signal power. ¢ and @, are the arbitrary phases.

A spurious output has the impact on system performance such as narrow band
interference. It results in degraded data detecting and thus BER performance.
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Appendix E GMSK Theoretical BER Performance

E.1 Introduction

This appendix provides atheoretical calculation for GMSK BER performance when
received with a coherent integrate and dump detector. Since MSK and GM SK
modulation includes inherent differential encoding, BER performance can be improved
by the use of pre-coding the input sequence. In this appendix the BER is calculated for
both with and without pre-coding. The analysisisvalid for BT « 0.5 and results are
calculated for BT = 0.5and BT = 1.0. These cases were aso investigated via simulation
in the body of this report.

E.2 Theoretical BER Calculation

The theoretical BER calculation for GMSK is based the functional model shown in
Figure E-1. The modulator receives an NRZ input data stream. The NRZ data stream is
integrated which results in a sequence of ramp functions with positive slope for +1
symbol and negative slope for -1 signal. The ramp signa isfiltered with the Gaussian
filter and input to a phase modulator. The modulation index is set to 12 radians so that
each NRZ pulse causes either a positive or negative phase trgjectory with a magnitude of
T2 radians.

Tb Integrate
_>® > —» and -
Delay Bump
NRZ (TS)
Input
Integrator Gaussian Phase ]
> 'y  _pF pl Modulator [T [ 90
LO
GMSK Modulator ®v —
—> and
> Dump >
(Ts)

Figure E-1. GMSK Analysis Model

The theoretical performance of GMSK modulation is calculated by computing the
transmitter output signal based on a sequence of input bits. The sequence of input bitsis
long enough so that all possible received signal waveforms are included in the analysis.
The waveforms are assumed to be received using coherent detection with integrate and
dump detection filters. The output of the integrate and dump detection filtersis
computed for each of the sequences. Based on the integrate and dump output, a
probability of error for a particular bit can be computed conditioned on a particular
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sequence. The conditional error probabilities are then averaged over the sequences
assuming that all sequences are equally likely.

The probability of error for antipodal signaling schemesis given below. This appliesto
ideal BPSK and QPSK using integrate and dump detection.

Pe:QVZEb/Nol

For GMSK with integrate and dump detection, the error probability calculation is similar
to that for QPSK except that the desired signal component of the output of the integrate
and dump filter is reduced and depends on the GM SK waveform and the particular bit
sequence. The noise level at the integrate and dump output is unchanged from QPSK.
This analysis computes the effective Eb/No loss for each bit sequence, compute the
probability of error for each sequence and then average the probabilities over the
sequences.

The conditional probability of error for each bit sequenceisgiven by :

R, = QN2E/N, ]

Thetotal probability of error is calculated by averaging over all sequences as follows
N

R=3 P[P
> P

Where P, is the probability of each sequence.

The GMSK modulator output is given by the following equations. Theinput NRZ datais
integrated and then filtered with the Gaussian low passfilter. Theresulting signa is
normalized so that when it is applied to the phase modulator the phase of the output

signal will change by +172 at each NRZ data transition.

yi(t) = tdi (r) dr

x; (t) = J'_OF](t -7) (1) dt

The phase modulator output signal is given by the following equations. The first
equation isasingle carrier representation of the signal. The second signal is a quadrature
representation of the same signal. The | and Q components of the quadrature
representation will be used asinputsto the | and Q integrate and dump detectors.

s (t) = 2R, cof2ma + § Gq (1)]

s (t) = y2R, cod% 0k (1)] eos(27mat) — 2P, sinf# 5 (t)] Din(277as)

The | and Q components of the modulator output are computed for each of eight possible
bit sequences shown in Table 1. For BT values lower than 0.5, the length of the
sequences considered would have to be increased.
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Table 1. Four-Bit Sequences and Probability

Probability (P) k-1 k k+1 k+2
0.125 1 1 1 1
0.125 1 1 -1 1
0.125 1 1 1 1
0.125 1 1 1 1
0.125 1 1 -1 1
0.125 1 1 1 1
0.125 1 1 1 1

The output of the integrate and dump detectors is computed by integrating the | and Q
components of the transmitted signal over Tswhich is 2x the bit duration. The output of
thei ntegrate and dump for the Q channel is shown below.

A -EIO sinZ 0 (t)] ct

In the case of MSK, the phase modulator input is a sequence of ramp functions with
positive slope for a+1 and a negative slope for a-1. In this case, the integrate and dump
output is given by:

TS
A = @I sn[#0/T] dt = 2P, Glg_[

0
The integrate and dump output is normalized by the total power to compute the signal
level degradatl on relative to QPSK.

Y, = T—I sinfF o ()] ot

Vauesof y calculated for BT = 0.5and 1.0 arelisted in Table 2. For MSK
y, =422 ~0.900.
Table 2. Loss Calculation

BTs Y, Y, Y, Y, A A Y, A
0.5 0.913 0.950 0.974 0.937 0.877 0.913 0.937 0.900
1.0 0.907 0.916 0.920 0.910 0.897 0.907 0.910 0.900

From Table 1, the eighth sequence corresponds to a series of +1's. In this case the GMSK
waveform is nearly identical to the MSK waveform. The integrate and dump output for
the eighth sequence agrees with that expected for MSK.
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E.3 Simulation Results

Simulations of the GMSK system shown in Figure 1 were performed using an ideal
transmitter and ideal coherent receiver with integrate and dump detection. Several BER
simulations were performed with different noise seeds. The results are compared to the

theoretical performance computed above.

Figure E-2 shows BER vs. Eb/No performance for GMSK with BT = 0.5. Figure E-3
shows BER vs. Eb/No performance for MSK. In both cases the simulation points are in
close agreement with the theoretical results.

0.01 -

L
— Theoritical GMSK, BT=0.5
® GMSK, BT=0.5, without filter, Noise Seed=1
A ® GMSK, BT=0.5, without filter, Noise Seed=20
S A GMSK, BT=0.5, without filter, Noise seed=1585

0.001 - k

T

BER Performance

0.0001

0.00001
7 8 9 10

Eb/No (dB)

Figure E-2. Probability of Bit Error vs. Eb/No for GMSK
with 1&D Detection
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— Theoritical MSK
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Figure E-3. Probability of Bit Error vs. Eb/No for MSK
with 1&D Detection
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Appendix F Base-band Filter Response

Three types of baseband filters are used in this study for pulse shaping:
Butterworth

Gaussian

Square Root Raised Cosine (SRRC)

The implementation of these filters in atransmitter can impact the spectrum
and BER performance. This appendix addresses the fidelity of the filter
implementations used in the study.

The Butterworth filter isimplemented as an I IR filter and is well-documented in
textbooks. The Gaussian and SRRC filters are implemented as transversal FIR filters.
The fidelity of the implementation of these

filters depends on the length of thefilter, the time quantization and the amplitude
guantization.

Fig F-1shows impulse response of gaussian filter. Samples are not quantized in
amplitude. 32 points cover the whole impulse response. There are 32 quantization levels
and 5 bits per symbols. The distance between two points depends on sampling frequency
and baud rate. The distance between two point is 0.1.There are 10 samples per symbols.

1.60E-01

1.40E-01 1 —e&— Gaussian Filter IR,S.freq=3000MHz, baudrate =
300MHz, FIR length = 32

1.20E-01

1.00E-01 / \

8.00E-02

6.00E-02 / X

4.00E-02

2.00E-02 \

0.00E+00 *+—0—0—0—0—0— - \\k‘# AAAAAA

vvvvvvv

4 5 6 7 8 9
Symboles

Impulse Response

Figure F-1. Impulse response of Gaussian filter
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Fig. F-2 shows impulse response of SRRC filter. 256 points covers the whole range of
impulse response of SRRC filter. The distance between two points is 0.003. There are 33
samples per symbols.
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0.03 4

——SRRC IR, S.freq = 4950MHz, baud rate =
150MHz, FIR length=256

0.025
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0.015
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Impulse Response
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-0.005
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Figure F-2. Impulse response of SRRC filter
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Fig.F-3 shows frequency response of Gaussian filter, Butterworth filter and SRRC filter
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Figure F-3. Frequency response of Butterworth, Gaussian and SRRC filter
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Appendix G Filtered OQPSK, GMSK Power Flux Density
Analysis

G.1 Summary

This appendix provides an assessment of the increase in Power Flux Density (PFD) of a
transmitted signal for filtered OQPSK and GMSK relative to unfiltered OQPSK.
Bandwidth efficient modul ation techniques tend to concentrate signal power within the
necessary bandwidth. This concentration would increase the spectral density of the
transmitted signal near the center frequency. Radio regulations impose restrictions on
power flux density impinging on the earth. The purpose of this appendix is to quantify
the increase in PFD due to the use of bandwidth efficient modulation techniques.

Two factors contribute to the increase in power flux density: 1) Power spectral density is
more concentrated within the necessary bandwidth. 2) Typically additional EIRPis
required to compensate for additional implementation loss due to the use of bandwidth
efficient modulation. Section 4 and Section 5 of this report have investigated the
additional EIRP required to compensate for increased implementation loss. The required
increase in implementation loss is somewhat dependant on the type of receiver. For
example, amatched filter receiver will exhibit less loss than an integrate and dump
receiver. The analysis here assumes that an integrate and dump receiver is used.

This appendix compares the PSD of filtered OQPSK and GM SK with that of unfiltered
OQPSK by SPW simulation and analytic methods. The PFD increase due to
implementation loss and PSD concentration is summarized is Table G-1.

Table G-1. Total PFD increase due to | mplementation Loss and PSD of filtered
OQPSK, GMSK (dB)

Filtered OQPSK ( PA OBO =1) GMSK ( PA OBO =0)
Butterworth (BTs=1.0) | SRRC (BTs=1.0) BT=05 BT=1.0
Implementation loss 1.6 1.6 1.2 1.2
Loss due to PSD 0.28 0.32 0.58 0.18
Total 1.88 1.92 1.78 1.38

Section 4 and Section 5 of this report evaluate transmit signal spectrum, implementation
loss, and interference susceptibility for filtered OQPSK, filtered OQPSK/PM, and GM SK
modul ation.
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G.2 Power Spectral Density Analysis

We investigated the absolute power spectral density of unfiltered OQPSK, filtered
OQPSK, MSK and GMSK by SPW simulation and analytic methods. Table G-2
provides a summary of the results.

The SPW simulation results are shown in Table G-2, Column 4. The results were
obtained by setting the user transmitter described in Section 3.2 to transmit the desired
modulation type, then the periodogram approach was used to estimate the power spectral
density of the output of the user transmitter.

For example: for uncoded, unfiltered OQPSK with data rate 150 MHz, the theoretical
value of the PSD at the center frequency is—78.76 dB from equation (1) (refer to (3.4.55)
[10]), while by SPW simulation it is—78.78 dB (Figure G-1). For MSK with a data rate
of 300 Mbps, the theoretical value of the PSD at the center frequency is— 76.64 dB from
equation (2) (refer to (33) [11]), while by SPW simulation it is—76.64 dB (Figure G-2).

d(f) = 2A%T, (Sin 27T, / 27T, ) ? @
o (F) =T, 28 200 @

T (1116 2T2)2
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Figure G-1. SPW simulation result of absolute PSD of OQPSK
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Table G-2: Absolute Power Spectral Density Level at the Center Frequency

Modulation Operating Point Analytic Simulation Simulation Result (dB) Normalized to
Result (dB) Result (dB) OQPSK (for filtered OQPSK) or
MSK(GMSK)

Linear OBO -78.76 -78.78 0
Unfiltered OQPSK PAOBO=1 -78.76 0.02
PAOBO =0 -78.75 0.03
Linear OBO -78.32 -78.42 0.36

Filtered OQPSK, _
with BW, BTs = 1.0 PAOBO =1 -78.48 0.30
PAOBO =0 -78.56 0.22
Filtered OQPSK, Linear OBO -78.30 -78.38 0.40
with SRRC, BTs = PAOBO=1 -78.44 0.34
1.0

PAOBO =0 -78.60 0.18

MSK Linear OBO -76.64 -76.64 0
Linear OBO -76.46 0.18
GMSK, with BT = 1 PAOBO=1 -76.46 0.18
PAOBO =0 -76.46 0.18
Linear OBO -76.06 0.58
GMSK, with BT = 0.5 PAOBO=1 -76.06 0.58
PAOBO =0 -76.06 0.58
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Appendix H Modulation Scheme Study with TDRS KaSA Return
Link

SFCG has conducted severa studies to assess the spectrum and power requirements for
severa candidate modulation techniques. These studies computed RF transmit spectra
and additional transmit power required for each modulation technique but did not include
degradation in BER performance due to the transmitter imperfections that are typically
specified for GSFC missions. The study of OQPSK and GM SK modul ation schemes
documented in Section 4 and Section 5 assessed the additional power required for these
modulation techniques while including distortions caused by the transmitter hardware
that are typically specified for GSFC flight project transmitter for direct donwlinks from
user spacecraft to supporting ground terminals. This appendix provides an assessment of
the modul ation techniques performance while transmitting through a Tracking and Data
Relay Satellite (TDRS) at Ka-Band.

A simulation model of the TDRS H, I, JKaSA 225 MHz dedicated return channel was
integrated into the OQPSK and GM SK end-to-end simulation models devel oped and used
in Section 4 and Section 5 of thisreport. Figure H-1 provides the ssimulation
configuration.

Thermal Thermal
Noise Noise
Spacecraft TDRS KaSA Ground Terminal |
Transmitter > Channel > Receiver
-Filtered OQPSK -KaSAR 225 MHz -Carrier Tracking Received
-GMSK _Dedicated SGL downlink -Symbol Sync Dt
-Uncoded _ -Linear and nonlinear -Equalizer aa
-User Constraints distortions based on TDRS HIJ -Data Detection
engineering models and -Linear Distortions
documentation v
o BER
Transmitted Data ~ | Measurement

Figure H-1. End-to-end Simulation Configuration

The transmitter and receiver are set with the set 1 transmitter distortion values described
in Table3-1. TDRSH, |, JKaSA 225 MHz dedicated channel was developed based
upon unit engineering model test data. A description of the TDRSH, |, JKaSA model
can be found in reference [12]. The characteristics of the TDRSH, I, JKaSAR channel
model are summarized in Table H-1.
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Table H-1. TDRS KaSA 225M Hz Dedicated Return Channel Parameters

Parameter Description
Linear Bandwidth, MHz 220.5
Distortion Gain Flatness, dB p-p 1.55
Gain Slope, dB/MHz 0.1
Phase Nonlinearity, deg p-p 4.6
Nonlinear AM/AM, dB/dB 0.9
Distortion AM/PM, deg/dB 25
Simulation Sampling Frequency, MHz 3000.0
Parameters Modulation Type SQPSK
Data Rate, Mb/sec 300.0
Code Rate Uncoded
SSL C/No, dB-Hz 101.47"
SGL C/No, dB-Hz Varied to cover desired Eb/No
Notes:
1. SSL C/No for SQPSK. Value for GMSK is 106.47.

The simulation configuration shown in Figure H-1 was used to generate BER vs Eb/No
performance. The ground terminal receiver includes an equalizer. Figure H-2 and H-3
provides filtered OQPSK BER curves for ground terminal receiver equalizer on and off,

respectively.

The implementation losses are summarized in Table H-2.
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Figure H-2. Probability of Error vs. Eb/No for Filtered OQPSK
without Ground Equalizer
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Figure H-3. Probability of Error vs. Eb/No for Filtered OQPSK
with Ground Equalizer
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Table H-2. Implementation Loss

Modulation PA TDRS | Equa Implementation Loss
lizer
Output | Chann @BER=10° | @BER=10° | @BER=10° | @BER =10°
Back- el (Relative to (Relative to
Off BPSK) BPSK)
BPSK, 1dB no no 0.2dB 0.6 dB 0.0dB 0.0dB
unfiltered,
OQPSK, 1dB no no 0.5dB 0.9dB 0.3dB 0.3dB
unfiltered
OQPSK, 1dB yes no 2.8dB 4.1dB 2.6 dB 3.5dB
unfiltered
OQPSK, 1dB no yes 1.2dB 1.2dB 1.0dB 0.6 dB
unfiltered
OQPSK, 1dB yes yes 0.0dB 1.1dB 0.5dB
unfiltered
OQPSK, 6- 1dB no no 0.9dB 1.6dB 0.7dB 1.0dB
pole
Butterworth,
BTs=1.0
OQPSK, 6- 1dB yes no 3.5dB 5.6 dB 3.3dB 5.0dB
pole
Butterworth,
BTs=1.0
OQPSK, 6- 1dB no yes 1.0dB 2.2dB 0.8dB 1.6 dB
pole
Butterworth,
BTs=1.0
OQPSK, 6- 1dB yes yes 1.1dB 1.8dB 0.9dB 1.2dB
pole
Butterworth,
BTs=1.0
GMSK, 0dB no no 1.3dB 1.2 1.1dB 0.6 dB
BT =0.5
GMSK, 0dB yes no
BT =0.5
H-4 19 April 2000
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ADVANCED SPECTRUM SHAPING FOR EFFICIENT BANDWIDTH UTILISATION

ABSTRACT

This study covers the investigation of various techniques in order to optimize the use of
radio frequency spectrum. Of primary interest are modulation schemes, filter and pulse shaping
techniques which allow a significant reduction in occupied bandwidth at the expense of a slight
system degradation and a moderate increase of hardware complexity. Radio frequency spectrum
is a very limited resource and an allocated bandwidth must often be shared by several services. It
is becoming increasingly difficult to identify a quasi interference-free environment for new ESA
missions, in particular, if currently used bandwidth-inefficient modulation schemes require
coordination of a much wider bandwidth than actually needed. New bandwidth efficient and
interference resistant spectrum shaping techniques are consequently required. This will better
protect ESA missions from RFI and reduce the rapidly increasing burden of coordination. An
important factor for efficient use of available frequency band are unwanted emissions. These
comprise spurious emissions and higher order lobes of the data spectrum, so-called out-of-band
emissions. Spectral masks are proposed for out-of-band emissions as well as for spurious
emissions. A detailed investigation on the impact of several non-linear high power amplifier
implementations has been carried out. Various types of filters, number of poles and bandwidth-
time products (BT) have been investigated. All possible locations in the transmission path for
placing a spectrum shaping component have been taken into account. The results of the study are
reflected in a set of recommendations and spectral masks with the objective to maximize the
efficient use of frequency spectrum.
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1 INTRODUCTION

1.1 Study Objectives and Background

Radio frequency spectrum is a very limited resource and an allocated bandwidth must
often be shared by several services. Of particular interest are frequencies below a few GHz because
of favourable propagation conditions and attractive antenna designs. ESA, as well as most other
space agencies, depend on a very limited number of useful frequency bands for payload data
transmissions, launching and operating its spacecraft. This applies to the support of science,
telecomm and Earth observation missions, equally.

The main objective of the proposed study is a comprehensive and detailed investigation
of technical means to improve spectrum efficiency without any significant financial or performance
burdens. A number of frequency bands have been identified for the purpose of this study. The
available bandwidth in the lower and most heavily used bands is small and has to be shared with
an ever increasing number of both inter-service as well as intra-service users. Interference cases
with operational impacts have already been encountered and it is evident that the general
probability of interference is approaching the limit of acceptability. It is consequently becoming
increasingly difficult to identify a quasi interference-free environment for new ESA missions, in
particular, if currently used bandwidth-inefficient modulation schemes require coordination of a
much wider bandwidth than actually needed. New bandwidth efficient and interference resistant
spectrum shaping techniques are consequently required and shall be introduced in ESA as well as
in an international environment as soon as possible. This will better protect ESA missions from
RFI and reduce the rapidly increasing burden of coordination.

An important factor for efficient use of available frequency band are unwanted emissions.
These comprise spurious emissions and higher order lobes of the data spectrum, so-called out-of-
band emissions. Regarding out-of-band emissions, bandwidth efficient and interference robust
spectrum shaping techniques which minimize mutual interference between ESA missions and other
users of frequency spectrum have been studied. This comprised an investigation of methods for
the reduction of the occupied bandwidth of various modulation and baseband processing
techniques. A trade-off regarding the identified techniques versus link performance and
implementation complexity has been carried out.

A limited set of spectrum shaping techniques which can meet a spectral mask requirement
has been identified during the trade-off analysis. The study results will be internationally promoted
in SFCG, CCSDS and ITU with the objective of being adopted by space agencies, as standard
techniques for good frequency management on a world wide basis. The study results will
demonstrate that the sharing situation can be greatly improved by applying the derived techniques.

The results of this study will be brought to the attention of the above groups in a suitable

format. Of particular importance has been the Space Frequency Coordination Group (SFCG)
because of its international group of frequency managers with participants from all major space

-1-
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agencies. The less formal and more flexible environment in the SFCG, as compared to the official
organs of the International Telecommunication Union (ITU), appears to be optimum for an initial
introduction of the results derived by this study.

1.2 Scope of the Activity

The scope of this activity comprised bandwidth and power efficient as well as
interference robust modulation techniques. An assessment of a limited set of spectral shaping
techniques has been carried out in detail in terms of occupied bandwidth reduction, performance
degradation and implementation complexity. Spectral masks for unwanted emissions have been
identified which control both out-of-band and spurious emissions. The study has also taken into
account practical aspects such as hardware complexity, operational constraints and technical
limitations. A prime task was the definition of a spectral mask for medium to high data rate
transmissions and a selection of suitable spectral shaping techniques which can achieve this
objective. The mask was defined based on minimum spectral occupation together with reasonable
degradation and hardware complexity. The mask and the corresponding shaping techniques are
applicable to transmission techniques which typically occupy a bandwidth in excess of several
hundred kilohertz.

In view of the difficulty to introduce any limitation on spectral emissions, the study

covered a wide range of available techniques and a careful final selection of a subset thereof based
on practical and performance justifications.

.
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2 SYSTEM CHARACTERISTICS AND TECHNICAL SPECIFICATIONS

Minimum set of modulation techniques: BPSK, QPSK, OQPSK, GMSK

PCM/PM/PSK, PCM/PM/Bi-¢
Data rate range: 10 kb/s to 300 Mb/s
Required bit error rate: <10’

Acceptable degradation: < 0.5 dB for BPSK (tentative)

< 0.8 dB for QPSK (tentative)
Spectral density maximum of RF signal: < 40 - 10 x log (symbol rate) dBc in any 1 kHz

The identified techniques shall be usable in some or all of the frequency bands listed in Table 1.

Frequency Band Allocated Direction Allocation Status
(MHz) Service
2025 -2110 SR, SO, EES Earth-space PRIMARY
2110 - 2120 SR (DS) Earth-space PRIMARY
2200 - 2290 SR, SO, EES Space-Earth PRIMARY
2290 - 2300 SR (DS) Space-Earth PRIMARY
7145 - 7190 SR (DS) Earth-space FN (Art.14)
7190 - 7235 SR Earth-space FN (Art. 14)
8025 - 8400 EES Space-Earth secondary
8400 - 8450 SR (DS) Space-Earth PRIMARY
8450 - 8500 SR Space-Earth PRIMARY
14000 - 14300 SR Space-Earth secondary
14400 - 14470 SR Space-Earth secondary
14500 - 15350 SR Space-Earth secondary
16600 - 17100 SR Earth-space secondary
31800 - 32300 SR (DS) space-Earth PRIMARY
34200 - 34700 SR (DS) Earth-space PRIMARY
37000 - 38000 SR Space-Earth PRIMARY
40000 - 40500 SR Earth-space PRIMARY
-3-
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Table 2 contains the currently specified ESA values for occupied bandwidth for reference
with respect to the improvement factor.

Maximum
Frequency Band Function Occupied
(MHz) Bandwidth
(kHz)
2025 - 2120 Telecommand 66
(8 kHz subcarrier) Category A and B
Telecommand 132
(16 kHz subcarrier)

2025 -2110 Ranging Earth-Space (Category A) 1200

2110 -2120 Ranging Earth-Space (Category B) 2400

2200 - 2290 Telemetry (symbol rate < 8 ksymb/s) 240

Telemetry (8 ksymb/s < symb. rate < 60 1700
and
ksymb/s)

8450 - 8500 Telemetry (symbol rate > 60 ksymb/s) 2000 or 6 x
symbol rate,
whichever is

larger

2200 - 2290 Ranging Space-Earth (Category A) 1200

and

8450 - 8500

2290 - 2300 Ranging Space-Earth (Category B) 3000

8025 - 8400 Telemetry Earth-to-Space (Category A) TBD

2290 - 2300 Telemetry

and .
2400 - 8450 Ranging Space-Earth (Category B) 3000

Spurious emissions: <-60 dBc (within a reference bandwidth of 100 Hz)

Symbol clock synchronisation: < + 2% of the symbol period or 1 nanosecond,

(whichever is larger)

< 2°RMS around 2 GHz
< 6° RMS around 8 GHz
(integrated between 10 Hz and 1 MHz)

Phase noise of the unmodulated carrier:

3 SELECTION OF SUITABLE SPECTRUM SHAPING TECHNIQUES AND
DEFINITION OF PERFORMANCE OBJECTIVES

-4 -
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3.1 Suppressed Carrier Modulation Schemes for Medium to High Data Rate Transmissions

As the first activity, a suitable set of modulation schemes has been identified for transmission
of data rates typically in excess of 100 kb/s. It has been taken into account that the identified
modulation techniques shall also be suitable for transmission down to 10 kb/s. The technical
specifications provided by ESA listed a minimum set of techniques to be studied. This list has been
amended by one additional modulation schemes which is considered as an attractive candidate. It
is referred to as Octal PSK (OPSK), also known as 8-PSK. Other bandwidth efficient modulation
techniques have been described in literature. However, for reasons of cost and world wide
standardisation, the introduction of entirely new modulation schemes has been found not suitable.
After all, enormous investments are effected and the proposed schemes shall be implementable
with a minimum of effort.

Many different modulation techniques are in use for various applications. Space services have
usually a requirement for data transmissions over long distances in a power limited environment.
Modulation techniques that operate satisfactorily at low signal-to-noise ratios are consequently
often applied. Such modulation techniques are typically based on Phase Shift Keying (PSK), which
is accomplished by switching the phase of a continuous sine wave between opposite states at a
frequency proportional to the symbol rate. This signal can then either be amplified and transmitted
directly as an RF signal or modulated onto another RF carrier. The former one is called suppressed
carrier modulation and the latter is referred to as subcarrier modulation.

The following section covers suppressed carrier modulation schemes of interest to space
radio communications. The most promising modulation schemes for a future standard have been
selected for this study. These are Quaternary Phase Shift Keying (QPSK), Offset QPSK (OQPSK),
8PSK and Gaussian filtered Minimum Shift Keying (GMSK). Binary Phase Shift Keying (BPSK)
has been taken as the reference. Of particular interest are spectral density distribution, cumulative
power, inter symbol interference degradation and susceptibility to external interference. The effect
of filtering QPSK signals and the impact of a non-linear amplification process are addressed.

Suppressed carrier modulation methods require in general a much smaller bandwidth than
subcarrier methods. In addition, any filtering is more effective as there are no gaps between
spectral components. The investigated modulation schemes have all in common that the carrier
is directly modulated. With ideal data, i.e. no data imbalance and no asymmetry, a continuous
spectrum without any individual line components is available. The modulation process is based
upon either phase switching in the case of all PSK schemes or a continuous phase transition for
GMSK. An intermediate solution is baseband filtering by means of pulse shaping of bits which then
enter a linear PSK modulator.
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ADVANCED SPECTRUM SHAPING FOR EFFICIENT BANDWIDTH UTILISATION
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3.1.1 Unfiltered Spectra of Suppressed Carrier Modulation Schemes

The modulation schemes QPSK, OQPSK, 8PSK and GMSK have been identified as
candidates for suitable medium to high data rate modulation techniques and have been investigated
with respect to their spectral distribution and performance. For comparison, and serving as the
reference, BPSK has also been included. PSK techniques are well established and relevant
information can be found in many text books. GMSK is a rather new technique. Figure 1 shows
a comparative set of unfiltered spectra for BPSK, QPSK, 8PSK and GMSK.

It can be seen that unfiltered PSK rolls off very smoothly. At 10 times the data rate, for
example, the spectral density has only decreased by 30 dB and can consequently still create
significant interference to other users.

BPSK and conventional QPSK do not have a constant envelope any longer when filtered. A
non-linear power amplifier oper